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Abstract 
In railway transportation, rail/wheel contact may occur at the top of the rail surface 
or at the gauge corner, and is responsible for a considerable amount of total rail 
maintenance costs. The failure modes arising from such contact vary due to many 
factors including: rail location and geometry, speed, load, lubrication and weather 
conditions. Although numerous rail failure modes have been studied both 
numerically and experimentally, there still remain many gaps where knowledge may 
be improved. Moreover, the complexity of contact behaviour makes it difficult for 
rail researchers to study all of the failure mechanisms. The primary concern for this 
research is the mechanism of surface ratchetting on the rail head due to asperity 
contact and varying friction. 
 
Plastic deformation on the rail surface material due to very large contact pressures 
means that the elasticity dependent Hertzian theory is not a suitable model to 
describe surface ratchetting material failure. Therefore, elastic-plastic finite element 
modelling was used to model the surface material behaviour in proximity to the 
rail/wheel contact. Material model parameters obtained from the literature were used 
to develop the material model used in this work for finite element modelling. The 
validated finite element model was then used to study the effect of friction for 
surface ratchetting failure of the rail/wheel contact region. 
 
A heavy-duty experimental rail/wheel simulator, based on the principle of twin-disk 
testing, was renovated for this research in order to simulate the rail/wheel contact. 
The tests were conducted at different contact pressures with zero traction forces. The 
wear rates for the Australian head-hardened heavy haul rail material were thus 
obtained. Wear particle testing was completed using a scanning electron microscope. 
The test results were verified and discussed in relation to published theories found in 
the scientific literature. As a result, it was possible to identify surface ratchetting and 
fatigue in the rail/wheel contact as the main cause of wear under operating 
conditions. Given the roughness of the evolving worn surface, the asperity contacts 
were identified as the major failure points for surface ratchetting in low friction 
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contacts. Moreover, rolling contact fatigue particles were observed during the wear 
process and material removal rates (manifesting as a reduction in wheel diameter) 
showed sudden changes as the material was removed in layers. 
 
As a result of finite element modelling and experimental investigation, a surface 
ratchetting model was developed to predict wear in rail/wheel contacts. In 
conclusion, a comprehensive study of surface ratchetting on rail/wheel contacts has 
been derived as a result of this research. 
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Z1 , Z2 
Second-order polynomials representing the body surface 
shapes in 3D contact 
 
a’ (mm) Half contact length in 2D line contact 
𝑎 (mm) Longitudinal semi-axis of the contact ellipse 
𝑎 Current center of the yield surface in deviatoric stress space 
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𝑏 (mm) Lateral semi-axis of the contact ellipse 
𝑏𝑚 
Material parameter which controls the rate of change of drag 
stress with respect to 𝑑𝑝 
𝑑𝑎 Back stress increment 
𝑑𝑝 Recall term to retain the strain history 
𝑑𝜀 Increment in total strain 
𝑑𝜀𝑒 Increment in elastic strain 
𝑑𝜀𝑝 Increment in plastic strain 
𝑑𝜎 Increment in stress tensor 
d(x,y) Vertical relative distance 
𝑓�𝜎 − 𝛼� Von-Mises yield criterion function 
M Non-dimensional coefficient 
N Non-dimensional coefficient 
R Non-dimensional coefficient 
rn (mm) Longitudinal radius of the wheel at the contact point 
rwx (mm) Transversal radius of the wheel profile 
𝑠 Deviatoric stress tensor 
𝑡𝑟 Trace of the matrix 
x’ (mm) Distance from the contact point in 2D line contact 
 
Greek Symbols 
𝛼 Current center of the yield surface in total stress space 
𝛾 , 𝛾1 , 𝛾2 .𝛾3 Material parameters in kinematic hardening models 
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(𝛾𝑥𝑦)𝑟 Residual shear strain 
𝛿 (mm) Reduction of the distance between the bodies’ centres 
𝛿* Surface Ratchetting 
𝜀𝑐 Material constant that depends on the ductility of the material 
𝜀𝑟0 
Aggregate of the equivalent ratchetting strain before the 
constant ratchetting rate 
𝜎 The stress tensor 
𝜎0 The size of the yield surface 
𝜎𝑣𝑖𝑟𝑔𝑖𝑛 (MPa) Virgin yield stress 
λ (mm) Wavelength of the asperities 
µ Friction coefficient 
𝜃 Intermediate parameter used to calculate semi axis 
𝜌 (kg/mm3) Density of the material 
ρ* Radius of the asperity tip 
𝑣 , 𝑣1 , 𝑣2 Poisson’s ratio of the material 
∆𝜀 ̅
Per cycle plastic strain in the longitudinal (travelling) 
direction 
∆𝜀𝑟 Equivalent ratchetting strain per load cycle 
∆?̅? Shear strain per load-cycle 
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Chapter 1: Introduction 
1.1 PROBLEM DEFINITION 
Rail wear and rolling contact fatigue (RCF) are highly expensive yet unavoidable 
problems for the rail maintenance experts. Lack of attention to rail crack initiation 
arising due to RCF has resulted in catastrophic failures in the past and it is now one 
of the prime concerns in rail safety. Consequently, organisations invest a 
considerable amount of money each year to avoid high risk failures in the railways 
that they manage. Rail researchers are also heavily engaged in studies to further 
improve and fill gaps in knowledge in order to further reduce operating risks. 
 
Railway systems play a crucial role in the economic and social development of many 
countries. Criteria such as capacity, speed and environmental factors measure the 
effectiveness of rail as a means of transportation [1]. However, during the last 10-15 
years, railway systems have been continuously evolving. Numerous railway 
operators have responded to the changing competitive environment by implementing 
major institutional and organisational restructuring to improve performance. The 
systems involved in the transportation of bulk products have also benefited from 
significant technological developments, which have assisted the railway industry in 
retaining its long term viability relative to other transport modes [2]. 
 
Twenty years after Marich and Mutton’s research [2], the Australian railway industry 
is still evolving. For example, extensive research has been conducted on rail/wheel 
contact mechanics and friction to reduce energy losses. With Kapoor [3-9]  and 
Ringsberg [10-18] leading activity in this field. Railroads incur significant 
maintenance costs every year, especially from replacing rails worn due to friction 
and wear. The rail/wheel contact should be maintained properly to achieve 
significant benefits. These include, 
• Improved wheel and rail life 
• Decreased fuel cost 
• Noise reduction 
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• Reduced lateral forces 
• Reduced derailment potential 
• Reduced ground-born vibration 
Railway engineers are faced with the challenge of achieving these benefits while 
increasing rail load capacity. Increasing transportation demand means that heavy 
haul rail transportation must carry ever-increasing loads. 
 
The Australian rail industry, which is part of a large mining-driven economy, also 
invests considerably in rail maintenance research. Although fatigue failures may 
occur in the rail web [19] and foot [20], the main focus of this research is the fatigue 
failures at the rail head surface because rail fatigue and wear depend mainly on the 
repeating contact loads to which the rail surface is subjected [21]. 
1.2 AIMS AND OBJECTIVES 
The aim of this research is to develop a method to predict the crack initiation of the 
rail head using finite element modelling (FEM) and to identify the wear mechanisms 
of the rail head through experimental testing. This aim is achieved by addressing the 
following objectives: 
1) Review existing contact mechanics models for rail/wheel contact. 
2) Review the existing FE modelling techniques for rail/wheel contact. 
3) Study material/constitutive models for metal ratchetting. 
4) Select a suitable material model to develop and validate a 3D FE model for 
rail head contact. 
5) Develop a rail life prediction model and compare the results with the existing 
models. 
6) Conduct rail/wheel contact simulator testing to identify the wear mechanisms 
of head hardened rail material. 
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1.3 SCOPE AND LIMITATIONS 
1.3.1 Scope of the Experimental Study 
The scope of the experimental study is to identify the wear mechanisms from rail 
head contact that arise during dry contact conditions. Such wear mechanisms are of 
particular interest insofar as they are less often studied due to the overheads 
associated with experimental testing. Consequently, they are the main focus in the 
current experimental investigation. One limitation of the test-rig used is the inability 
to change the angle of attack, which limits the experimental simulations from 
extending to rail gauge corner contact. As a result, only the wear rates on the rail 
head with different loading conditions were measured to understand the wear 
mechanisms. 
1.3.2 Scope of Finite Element Modelling 
Predicting crack initiation is the main scope of the finite element study, taking into 
consideration different loading and friction conditions, together with the various 
material models drawn from the literature. Rail life prediction is based on the RCF 
failure mechanisms, although wear and RCF mechanisms cannot be separated in real 
rail networks, the majority of catastrophic failures are a result of cracks initiated due 
to RCF. One major advantage of being able to accurately predict crack initiation is 
the timely management of preventive maintenance on the rail surface. 
Due to the complexity of the modelling and time limitation factors, the following 
aspects are considered to be outside of scope of this research. 
• Curved track scenario. 
• Rail corner contact. 
• Lubrication effect. 
• Crack propagation. 
• Failure due to material wear. 
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1.4 THESIS STRUCTURE 
This thesis contains eight chapters presenting the research findings. The content of 
each chapter is briefly outlined in what follows. 
1.4.1 Chapter 1 - Introduction 
This chapter outlines general information about the research conducted. Initially, 
research background and existing research gaps are discussed and presented. This is 
followed by the specific objectives of this research to minimize the identified gaps. 
After that, the scope and the limitations of this research are pointed out. Finally, the 
thesis structure is presented by summarising all of the chapters. 
1.4.2 Chapter 2 - Literature Review 
The literature review comprehensively presents the background knowledge related to 
this research and consists of three parts. The first part reviews rail wear and rolling 
contact fatigue (RCF), including crack initiation, development and failure. Then the 
evolution of rail/wheel contact theories is discussed and presented with numerical 
equations. Finally, the evolution of plasticity theory and the relevant material model 
parameters are presented. 
1.4.3 Chapter 3 - Finite Element Model Development and Validation 
Development of the finite element (FE) model is explained in this chapter. In order to 
identify the material behaviour of the rail surface, a numerical model was developed. 
Initially, a 2D FE model was used and compared to the results of elastic material 
models and Hertzian contact. To obtain more realistic contact conditions, a3D 
pressure loaded model was developed by applying suitable material models, 
boundary conditions and loading. The FE model was validated using results obtained 
from the literature, and then was used for further analysis in this research. 
1.4.4 Chapter 4 - Effect of Friction on Rail Surface Ratchetting 
The FE model developed in Chapter 3 issued for this analysis and identifies the 
location of the maximum stress and strain. Both frictionless and frictional conditions 
at the rail/wheel contact were studied. Loading conditions assume Hertzian contact 
conditions using actual rail and wheel dimensions. Material model parameters from 
different literature sources were analysed. 
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These findings were presented and published in the proceedings of the “First 
International Conference on Railway Technology: Research, Development and 
Maintenance" [22]. 
1.4.5 Chapter 5 - Renovation and Commissioning of the Contact Simulator 
This research has the advantage of experimental testing on a rail/wheel contact 
simulator. The simulator required recommissioning as it had been disassembled and 
relocated during laboratory refurbishment. The simulator was renovated with 
electrical, pneumatic, hydraulic and the chill water connections re-established. 
Chapter 5 details the separate system functions and the standard operating procedure 
of the simulator. Furthermore, this chapter explains the details of the experimental 
disk preparation, including material properties and manufacturing drawings. 
1.4.6 Chapter 6 - Experimental Data Analysis 
The outcomes of different tests on the experimental disks are discussed in this 
chapter. Pre-experimental tests were completed to make sure the disks were in the 
same condition as head hardened rail. The rail/wheel simulator testing was then used 
to identify the material wear rates relative to the number of cycles and gross million 
tonnes. Particle analysis on the wear particles was conducted using a scanning 
electron microscope to assist in identifying the material failure mechanism at the rail 
head. 
1.4.7 Chapter 7 - Predicting Rail Life using Critical Element Analysis 
Critical element analysis was introduced to calculate the number of cycles to crack 
initiation for the normal grade rail material. This technique uses both FE model 
results and numerical calculations to predict the number of cycles to crack initiation. 
The lack of cyclic loading data for Australian head-hardened rail material limited this 
method from being extended to the realistic case. Nonetheless, the technique was 
demonstrated to be useful in predicting the onset of fatigue cracking in the surface 
material. 
1.4.8 Chapter 8 - Summary and Conclusions 
A summary, conclusions and recommendations are presented in this final chapter. 
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Chapter 2: Literature Review 
2.1 INTRODUCTION 
This chapter provides an up-to-date overview of theoretical developments and 
background information identified in the rail/wheel contact mechanics research field. 
The literature review is organised as follows: Initially, it will outline the importance 
of the railway industry to the global economy as an effective means of transportation. 
The next part of the chapter contains a summary of findings on rail/wheel contact 
mechanics and problems related to wear and rolling contact fatigue (RCF). 
Subsequently, the evolution of plasticity theories will be discussed followed by the 
identification of material parameters for finite element modelling as presented in 
detail in the later chapters of this thesis. 
2.2 ROLLING CONTACT FATIGUE (RCF) IN RAIL 
2.2.1 Initiation 
Rail material is repeatedly loaded by train wheels as the train passes over the rail 
track. The maximum contact pressure that the rail material withstands under elastic 
deformation is called the shakedown limit. The behaviour of material under cyclic 
loading during rolling/sliding can take four different forms, as illustrated in Figure 2-
1 [6]: 
• Perfectly elastic behaviour - If the load acting on the rail does not exceed the 
elastic limit, perfectly elastic behaviour occurs, as shown in Figure 2-1: (a). 
• Elastic shakedown behaviour - Plastic shakedown takes place during the early 
cycles but, due to the development of residual stresses and the strain 
hardening of some materials such as steel, the steady state behaviour becomes 
perfectly elastic, as shown in Figure 2-1: (b). 
• Plastic shakedown behaviour - Here the steady state is a closed elastic-plastic 
loop with no further accumulation of plastic deformation. This behaviour is 
sometimes referred to as cyclic plasticity, as in Figure 2-1: (c), and the 
corresponding load limit is called the ratchetting threshold (or the plastic 
shakedown limit). 
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• Above the ratchetting threshold - The steady state consists of open elastic-
plastic loops and the material accumulates a net unidirectional strain during 
each cycle. This process, known as ratchetting, is shown in Figure 2-1: (d). 
 
Figure 2-1: Material response to cyclic loading in rolling/sliding contact (Adapted 
from [23]). 
Analysis of various rail cross-sections in service shows that the material closer to the 
contact surface at the rail head accumulates plastic shear strain [24]. Depending on 
the actual loading conditions and the type of rail steel used, the thickness of this 
deformed layer varies from a few microns to a few millimetres [25]. The response of 
the ductile material to a repeated cycle of loads depends on the magnitude of the 
applied load. If the applied load is below the elastic limit of the material, the load is 
supported completely elastically (Figure 2-1: (a)). If the load is higher than the 
elastic limit but less than the material’s elastic shakedown limit, there will be some 
plastic deformation during the early cycles. This mechanism is explained in Figure 2-
1: (b). During this process of plastic deformation, material will accumulate protective 
residual stresses and harden. Thereafter, the load will again be supported elastically 
[26]. In both these cases, the rail is loaded under the elastic shakedown limit and the 
contact deforms elastically at the steady state, giving long rail life [9]. Failure may 
eventually occur due to high cycle fatigue. 
 
When the load is greater than the elastic shakedown limit, there will be some plastic 
flow during each cycle (see Figure 2-1: (c)). If the load is less than the plastic 
shakedown limit, the cycle of plasticity or the hysteresis loop is closed and there will 
Stress 
Strain 
(a) "Perfectly Elastic" 
(b) "Elastic 
Shakedown" 
(c) "Plastic 
Shakedown" 
(d) "Ratchetting" 
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be no accumulation of plastic strain. Therefore failure will occur by low cycle fatigue 
(LCF) [26].  When the applied load is higher than the plastic shakedown limit, plastic 
strain will accumulate. This process referred to as ratchetting or cyclic creep (see 
Figure 2-1: (d)). The plastic shake down limit is also called the ratchetting threshold. 
Plastic ratchetting can lead to extrusion of thin slivers of material from the edges of 
the contact region causing ‘lipping’ of rails. In his study, Lu [27] highlighted the 
importance of ratchetting and lipping during the cyclic loading application. 
Ratchetting reduces the incidence of further crack development as the material is 
removed from the surface in thin layers, thereby increasing the fatigue life of the 
components. Ratchetting is also the mechanism that causes large plastic shear strains 
observed in the near-surface material of the railhead [26].  These mechanisms are 
also explained in detail by Kapoor [7]. 
 
Rail material cannot accumulate strain indefinitely. Ratchetting failure is the process 
whereby material accumulates strain up to a critical value, at which point the 
ductility of the material is exhausted and the material ‘fails’. Material subjected to 
ratchetting can also fail by LCF. Kapoor [3] hypothesizes that the two failure 
mechanisms are independent and that failure will occur in whichever mechanism 
results in the shorter lifetime of the component. However, it is also possible that the 
two mechanisms may be additive, in which case life can be determined by using a 
summative rule such as Miner’s rule [26]. 
 
According to Johnson [28], this shakedown limit is four times the shear yield stress 
of the rail material for frictionless rolling/sliding. Consequently, the elastic 
shakedown limit is much higher than the normal loading condition. However, tests 
conducted by Kapoor et al. [9] proved that even when the maximum contact pressure 
is below the shake-down limit, there is plastic deformation of the rail material. This 
identification leads to the new hypothesis that the asperity contacts are responsible 
for this plastic deformation. Experimental and numerical analysis reveals that the 
surface roughness on the rail and wheel causes the contact pressure to deviate from 
that predicted by Hertzian theory to one that is spiky. Further research [4] has shown 
that, even at low loads, surface roughness plays an important role in subjecting a thin 
layer to severe contact stresses. Figure 2-2 shows the pressure variation on the wheel 
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material surface as obtained from Kapoor’s studies[9]. Results highlight that the peak 
pressures at the asperities are much higher than the nominal pressure. 
 
 
Figure 2-2: Pressure distribution for a wheel pressing against a rough rail (Adapted 
from [9, 29]). 
Therefore, under normal operating conditions and with engineering surface finishes, 
the contact pressure can exceed the elastic shake down limit and initiate plastic 
deformation in the material just below the asperity contact. Although there are 
relatively few such contacts, they are distributed over the entire contact surface. 
These contact points are subjected to severe stresses and plastic flow [9]. Cracks 
initiate in the very thin surface layer of the rail and propagate inside the rail head. 
Crack development is enhanced by the presence of water. If these cracks turn up 
towards the surface, a piece of material detaches causing a pit on the rail surface. 
Alternatively the crack may turn down and cause the rail to eventually break [30]. 
Therefore, RCF is identified as a very serious damage mechanism on the railhead 
[31]. 
2.2.2 Phases of Crack Development 
In terms of crack size, the life of a surface breaking RCF crack in a rail can be split 
into three main phases, as shown in Figure 2-3. 
 
5mm 10mm 15mm 20mm 
8GPa 
1GPa 
4GPa 
Rail Surface 
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Figure 2-3: Phases of crack growth (Adapted from [32]). 
During the first phase, the rail is either crack free or undergoing the process of crack 
initiation and very early crack growth, with defects up to hundreds of microns in size 
[21]. Crack growth in this stage is dominated by development of defects in the 
severely plastically deformed near-surface layers and the defect sizes associated with 
the depth of this layer. 
 
Transition of the crack size from Phase 1 to Phase 2 takes place when the initiated 
defects in the near surface layers grow large enough for a range of additional crack 
growth mechanisms to begin driving their growth [21]. These crack growth 
mechanisms are applicable to cracks of millimetres to tens of millimetres in size. At 
this stage, the mechanisms must describe how a compressive load can lead to crack 
propagation. Otherwise those compressive loads are expected to close cracks and 
restrict their growth. 
 
The final stage of crack growth is usually rapid, since cracks become large and 
driven by bulk stress in the rail, including rail bending stress and tensile residual 
stress. Cracks of this size are too large to be left in the rail and the best solution is 
urgent replacement of the rail [21]. 
 
The above three phases describe individual crack sizes and life rather than overall 
rail life. The main reason for this is that the rail may contain a range of different 
defect sizes at any one time, since large cracks or defects do little to prevent the 
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initiation and development of new smaller defects in neighbouring sections of the 
rail. In such cases, overall rail life would be determined by the largest defect present. 
Additionally two or more mechanisms may be driving crack growth at certain stages 
of growth. The common approach to model this has been to consider the fastest 
individual mechanism amongst any set of crack growth mechanisms, and to assume 
that this mechanism dominates [33]. 
 
The stress to which the rail is subjected in service varies extensively even for a single 
location. A rail will be exposed to a wide range of different wheels, making contact 
in slightly different places on the railhead and with different conformity of contact, 
and hence different pressures. The actual vehicles and their dynamic performance 
will also vary, so even if the rail and wheel geometry were identical, the contact 
loads will differ. Track forces are also dependent on the sleeper type, support 
structures, ballast thickness and the presence of welds or joints which can excite 
dynamic loading. This means that the forces driving fatigue and wear are highly 
variable and their quantification is complex [21]. 
2.2.3 Rolling Contact Fatigue in Rail 
Numerous terms are used to describe the different types of rail fatigue cracking in 
different areas of the world. The type of cracking also varies with the different rail 
grades, traffic types, vehicle characteristics and maintenance regimes. The main 
categories of railhead fatigue failure are ‘head checks’, ‘squats’ and ‘tongue lipping’, 
as shown in Figure 2-4. The broad characteristics included in these failures are 
explained below. 
• Head Checks: When occurring at the gauge corner, it is referred to as ‘gauge 
corner cracking’. They are initiated as small fine cracks on the rail surface 
which grow down into the rail at a shallow angle below the surface. As they 
grow with time, they either branch down causing the rail to break, or branch 
up leading to spalling of the rail surface. This crack type will be explained in 
more detail in the next sub-section. 
• Squats: Identified by a darkening of the rail surface, combined with 
widening of the running band. This phenomenon is due to a horizontal crack 
below the surface which allows the near surface material to flow sideways, 
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thereby producing widening of the running band, often combined with a 
surface depression which collects dirt and becomes corroded, leading to the 
characteristic shadowing. Branch cracks can form from the original 
horizontal crack, leading to spalling of the rail surface, or rail breakage. 
• Tongue lipping: Identified by the removing of thin slivers or tongues of 
material from the running band of the rail, frequently extending down the 
gauge face of the rail by several millimetres. Cracks can form below the 
extruded steel and grow into the railhead in a near horizontal plane. Branches 
can then form, running either up or down, leading to rail breakage. 
 
 
 
Figure 2-4: Schematic illustrations of common rail fatigue damage types: (a) head 
checks; (b) squats; (c) tongue lipping (Adapted from [34]). 
There are other types of RCF cracks identified by certain experiments. For example, 
Grohmann et al. found such RCF cracks on high rails of wide curves on high speed 
(a) 
(c) 
(b) 
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Bottom of wear scar 
Internal crack 
Dark spots 
Surface breaking cracks 
Widening of 
running band 
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lines [35]. These contact fatigue cracks occurred in groups where the grouping is 
related to slight corrugation on the rail tread. 
 
As this research mainly focuses on heavy haul rails which are mainly affected by the 
three main failure mechanisms described above, other minor failure mechanisms will 
not be treated in detail. 
2.2.3.1 Head Checks in Rail 
Head checks are among the RCF defects observed in rails that cause damage to the 
rail gauge corner on the high rail in shallow-curve tracks. Many studies of head 
checks have been carried out since the derailment accident in England in Oct 2000 
[36]. 
 
Figure 2-5: Head check with breaking-out on high rail (Reproduced from [37]). 
Many head checks also develop into breaking-out-like flaking. Head checks with 
breaking-out cause increased noise and rail failure. Therefore, many rails with head 
checks must be replaced to prevent serious accidents. 
 
Takikawa et al. [38]investigated head checks in curved tracks. They used a twin-disk 
contact simulator in their laboratory experiments. From the analysis of rail inspection 
data, they identified that head checks were mainly caused on curves whose radii were 
less than 800m. The high rails of the curved tracks possessed hardened heads. From 
track inspection data they found that lateral forces at the high rail were about 10kN. 
After repeated testing with different materials, they identified a link between 
laboratory testing and field data. However, their results are rather specific and 
limited to the conditions and assumptions they made. 
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Different levels of head checks and the possible remedial actions are listed in Table 
2-1 and Figure 2-6. 
Table 2-1: Head check development (Adapted from [39]). 
Contents Action Appearance and Inside 
Head check at gauge corner Recording Figure 2-6 (a) 
Head check propagate on the corner of 
the rail head Marking Figure 2-6 (b) 
Head check propagate up to thirds of 
the breadth of rail head 
Installing fish plates 
and scheduling 
replacement 
Figure 2-6 (c) 
A crack of head check propagates more 
and comes to be transverse fissure 
Replacing as soon as 
possible Figure 2-6 (d) 
  
  
Figure 2-6: Code and action of head check (Adapted from [39]). 
(a) 
(d) 
(c) 
(b) 
Train running Direction 
Train running 
Direction 
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2.3 RAIL WEAR 
Rail wear can lead to several rail track issues including widening of the track gauge, 
loss of rail profile leading to high rail-wheel forces and poor dynamics and, worse, a 
loss of rail cross section that leads to deterioration of rigidity and load bearing 
capacity. Although severe wear leads to problems, a small degree of wear can be 
beneficial in removing damaged material from the surface of the rail [21]. For newly 
installed rails, wear helps to improve the conformity of contact between rail and 
wheel, thereby reducing rail stresses and damage. The increase of conformity can 
happen faster with less wear-resistant (softer) rails than with harder more wear-
resistant grades. Grinding can be used to maintain the rail profile, even for newly 
installed rails, however, excessive wear or grinding will limit rail life and require 
costly maintenance or rail replacement. In order to predict the location of crack 
initiation and where cracks can potentially grow to dangerous lengths, and to predict 
how much, how often and where to grind, Franklin and Kapoor [26] developed the 
brick model. Torrance’s group [40, 41] and the Challen and the others [42] have used 
Coffin-Mason’s LCF (Low Cycle Fatigue) equation to estimate the wear rate of 
material being traversed by a wedge-shaped asperity. However, these approaches, 
unlike plastic ratchetting, are insensitive to the direction of strain accumulation. The 
process of ratchetting leading to wear is the basis of the ‘layer’ model, described in 
detail by Kapoor and Franklin [8], and the ‘brick’ model is described in detail by 
Franklin et al. [24, 43]. 
2.3.1 Layer Model 
Kapoor and Franklin [8], presented the ‘layer’ model to estimate the wear rate of a 
ductile material subjected to repeated stress from rolling/sliding contact. The wearing 
material is divided into thin layers parallel to the surface and each layer accumulates 
plastic shear deformation according to the stress at that depth. When the accumulated 
strain of the top layer exceeds the critical strain for failure the layer is deemed to 
have failed (i.e. ratchetting failure) and is then removed as wear debris and the 
surface drops to the next layer. When the second layer fails, it is removed and the 
surface drops to the third, and so on. 
 
The depth of material removed from the surface, averaged over a number of cycles, 
gives an estimate of wear rate for those cycles, and the evolution of the wear rate 
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with time can be charted. During the study of Kapoor and Franklin [8], in all cases 
where wear occurs at all, there is an initial period in which the surface layer 
accumulates plastic strain from an initial unstrained state and during which, 
therefore, no failure and thus no wear occur. For coefficients of friction above 0.4, 
the interval between layers being removed becomes constant so that in effect a 
steady-state wear rate is achieved. 
 
From comparison of steady-state wear rates, it is clear that the wear rate is inversely 
proportional to the critical strain for failure and that the hardness (after any work-
hardening) strongly influences the wear rate. This is because an increase in the 
hardness reduces the ratchetting strain per load cycle (and may even eliminate it, if 
the applied load is beneath the new shakedown limit) and therefore the number of 
stress cycles required to accumulate the critical strain to failure increases. Increasing 
the critical strain to failure also increases the number of cycles. Either way, as the 
number of cycles to failure increases, the wear rate drops correspondingly. 
 
However the model is limited by its one-dimensional nature and the uniformity of the 
material. Real engineering materials, and particularly steel, have a granular structure. 
Hardness, ductility and other material properties are usually measured at a 
macroscopic scale and do not reflect the variation between grains, and especially 
within grains. Pearlite, for example, is formed of lamellae of hard cementite 
alternated with relatively soft, ductile ferrite. To explore the effects of varying 
material properties, Franklin et al. [43] adapted the layer model so that the initial 
shear yield stress and also the critical plastic shear strain for failure varied with each 
layer. The variation was found to have no significant effect on the average wear rate, 
but it did cause the wear rate to fluctuate with time so that no steady state could be 
achieved. Franklin et al. [24] proposed that the model could be extended to a two-
dimensional ‘brick’ model in which material properties varied laterally as well as 
with depth. 
2.3.2 The Brick Model 
One of the weaknesses of the layer model was that when then a subsurface layer 
failed then an entire plane of material failed, effectively dividing the material into 
two. In the brick model, when a brick fails then the failure is an isolated point. A 
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failed brick can be regarded as a finite crack, or as a failed region susceptible to 
crack formation. In addition, bricks can be removed individually as wear debris and 
this result in a form of surface roughness. 
 
In the model, wearing material is subdivided into equal-sized rectangular elements or 
‘bricks’ as per the Figure 2-7. Each brick is associated with its initial shear yield 
stress and critical plastic shear strain for failure. Also associated with each brick are 
the effective shear yield stress and the accumulated plastic shear strain. The latter is 
initially zero, indicating undeformed material, and with each cycle there is an 
increment of plastic shear strain as per the Figure 2-8. If the material work-hardens, 
then as accumulated plastic shear strain increases so will the effective shear yield 
stress increase from its initial value. 
 
Figure 2-7: The wearing material is divided into equal-sized, initially rectangular 
elements ('bricks'). Once the critical shear strain (limiting ductility) of a brick is 
reached, it is deemed to have failed. Such bricks are expected to bond relatively 
weakly to the rest of the material.  (Adapted from [44]). 
 
Analysis on the ‘brick’ model observed that once the accumulated plastic shear strain 
exceeds the critical shear strain for failure, the material is deemed to have failed, or 
to be ‘weak’. 
 
Weak Brick 
Healthy Brick 
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Figure 2-8: Each brick accumulates shear strain according to the current applied 
shear stress and the effective shear yield stress of the brick. (a) Applied shear stress 
and the initial shear yield stress which varies from brick to brick. (b) and (c) Plastic 
strain increment per cycle. (d) Material displacement per cycle as a result of the 
strain increment. (Adapted from [45]) 
 
2.4 COMBINED MODEL 
Rolling contact fatigue and wear cannot be separated from each other when studying 
rail life, but for analysis purposes many studies consider only one failure mechanism 
in isolation. There are some studies that treat the combined effect of wear and RCF 
on rail material crack development and material failure. For example, the combined 
model developed by Kapoor et al. studies both the effects of fatigue failure and wear 
on crack development. Figure 2-9 depicts the crack mouth truncation on life cycle of 
a crack. If the crack mouth truncation rate is higher than the maximum crack tip 
advance rate (higher wear rate line) then the crack will be worn away and the surface 
will be left without any crack. However, if the wear rate and the corresponding crack 
mouth truncation rate is low then the crack passes through points where the net crack 
growth rate becomes zero. At these points the crack should become stable and not 
grow further, a situation sometimes seen in practice, when cracks develop in rails and 
do not grow with time. In reality the crack is propagating at the tip but is truncating 
Direction of motion 
P0 
a 
k 
a 
(a) (b) (c) (d) 
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at the mouth at the same rate giving zero crack growth rate. These points are shown 
as 1, 2, 3 and 4. Point 1, where the cracks are very short, represents a desirable 
situation. However, due to changes in operating conditions such as friction 
coefficient and loading with each contact pass, the curves A and B may shift relative 
to one another, and relative to the wear rate. If this happens then the crack may move 
from curve A to B. It can then grow until it reaches point 2. Theoretically it should 
stabilise there, but this is an unstable equilibrium and any slight increase in crack 
length or movement of the curves with operating conditions can give a positive net 
crack growth rate. The crack will therefore almost certainly continue to grow to point 
3, where the negative slope of the crack tip advance rate curve ensures stability. 
However, this is a dangerous situation as cracks are fairly long at this stage and may 
branch down and propagate by rail bending stresses (curve D). Point 4 is an unstable 
equilibrium and so unable to stop the crack, which continues to grow and finally fails 
by fast fracture. A low wear rate represents an unsafe situation as the crack can move 
without stopping from curve A to D. This situation can be remedied by increasing the 
wear rate artificially by grinding. 
 
 
 
Figure 2-9: Combined wear rate with crack tip advance data indicates points at which 
crack may stabilise. For a low wear rate the crack may become stable at point 1 or 3, 
while points 2 and 4 represent unstable equilibrium points. (Adapted from [46]). 
Therefore it is clear that the rail-wheel contact case is rather complicated to analyse 
and a rail surface fails by either wear or RCF. Based on the permitted amount of 
material that can be lost, as the wear rate increases the life due to wear decreases. 
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This is shown schematically in Figure 2-10 in which the fatigue life curves based on 
the crack growth rate variation with crack length are shown by curves B and C in 
Figure 2-9. The diagram shows that, as the wear rate increases, the crack mouth 
truncation rate increases and fatigue life therefore increases. The actual life is the 
lower of the fatigue life and wear life, is shown by the heavy curve. The peak on this 
curve represents maximum life which can be achieved if the corresponding material 
removal rate can be obtained by natural wear and grinding. 
 
Figure 2-10: Control of rail life by wear and fatigue.  Actual life is the minimum of 
wear and fatigue life for a given wear rate (thick lines). Operation at the maximum 
life point (dotted line) is difficult because of variability in operating conditions. For a 
reduced life (dashed line) operation could be at points E or F, but F is inherently 
safer. (Adapted from [47]). 
2.5 EVOLUTION OF RAIL/WHEEL CONTACT THEORIES 
From elementary mechanics, it is known that two contact surfaces under load will 
deform. Depending on the magnitude of the load applied and the materials’ hardness, 
the deformation may be either plastic or elastic. For many engineering applications, 
the contact surfaces are non-conformal. The resulting contact areas are very small 
and the resulting pressures very high. The stresses on those contact surfaces can be 
determined from analytical formulas. 
2.5.1 Hertzian Contact Theory 
The first satisfactory analysis of the stresses at the contact of two elastic solids was 
developed by Hertz [28] based on the theory of elasticity. Hertz’s model of contact 
stress relies on the following simplifying assumptions [48]. 
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• The materials in contact are homogeneous and the yield stress is not exceeded. 
• Contact stress is caused by the load which is normal to the contact tangent plane, 
which implies that there are no tangential forces acting between the solids. 
• The contact area is very small compared with the dimensions of the contacting 
solids. 
• The contacting solids are at rest and in equilibrium. 
• The effect of surface roughness is negligible. 
The configuration of two elastic bodies with convex surfaces in contact is the basis 
of Hertz’s theory. 
2.5.1.1 2D Line Contact 
This section explains the application of Hertzian contact theory to the simplified two-
dimensional rail/wheel contact, whereby any deformations are assumed to be purely 
elastic. Geometrically, the rail/wheel contact is approximated as the contact between 
two cylindrical bodies pressed in contact by a force P per unit length. 
 
This will give rise to a contact width of 2a’. The contact can be envisioned as a line 
or rectangle in the developed 2D model. 
 
Figure 2-11: 2D and 3D Hertzian contact. 
Under the Hertzian assumptions of the elastic 2D model, the half-width a’ can be 
found as, 
-a a 
b 
-b 
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 𝑎′ = �4𝑃𝑅∗
𝜋𝐸∗
 Eq. 2-1 
R* is the reduced radius defined as: 
 1
𝑅∗
= 1
𝑅1
+ 1
𝑅2
   , Eq. 2-2 
where R1 and R2 are the radii of the two cylinders. E*is the reduced Young’s modulus 
defined as: 
 1
𝐸∗
= 1 − ν12
𝐸1
+ 1 − ν22
𝐸2
   . Eq. 2-3 
   
E1, E2 and 𝑣1, 𝑣2 are Young’s modulus and Poisson’s ratio of the two contacting 
cylinders, respectively. 
The maximum contact pressure P0can be found from 
 𝑃0 = �𝑃𝐸∗𝜋𝑅∗   . Eq. 2-4 
The pressure distribution along the contact width can be found from 
 𝑃(𝑥) = 𝑃0�1 − �𝑥′𝑎′�2   , Eq. 2-5 
where x’ is the distance from the contact point. 
When the wheel is considered as a rigid body there will not be any elastic 
deformation there. So the E* will be, 
 1
𝐸∗
= 1 − ν12
𝐸1
   , Eq. 2-6 
and when one of the cylinders is a flat surface (R2=∞), R* will be 
 1
𝑅∗
= 1
𝑅1
   . Eq. 2-7 
2.5.1.2 3D Contact 
This section presents the Hertzian contact theory for 3D rail/wheel contact problem 
with certain simplifying assumptions. General 3D Hertzian contact theory is 
presented in Appendix A. 
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Figure 2-12: Geometry of two elastic bodies with convex surfaces in contact 
(Adapted from [49]). 
When considering two elastic bodies in contact, as shown in Figure 2-12, they will 
meet at a single point O, where the normal distance between them is zero. Near this 
contact point, without load, the body surface shapes may be represented by two 
second-order polynomials: 
 𝑍1 =  𝐴1𝑥2 +  𝐵1𝑦2 Eq. 2-8 
 𝑍2 =  𝐴2𝑥2 +  𝐵2𝑦2   . Eq. 2-9 
The coefficients A1, A2 and B1, B2are assumed to be constant. 
In the case of a railway, the four main curvatures can be considered to be in 
perpendicular planes. Their directions correspond to the main axes of the frame: O-
xy. 
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Figure 2-13: Hertzian contact: the railway case (Adapted from [50]). 
In the 3D railway case, the above-mentioned curvatures and radii will be: 
Wheel:  
𝑑2𝑧1
𝑑𝑥2
=  2𝐴1 =  1𝑟𝑛 Eq. 2-10 
Wheel:  
𝑑2𝑧1
𝑑𝑦2
=  2𝐵1 =  1𝑟𝑤𝑥 Eq. 2-11 
Rail:  
𝑑2𝑧2
𝑑𝑦2
=  2𝐵2 =  1𝑅𝑟𝑥 Eq. 2-12 
 
where rn is the longitudinal radius of the wheel at the contact point, Rrx is the 
transversal radius of the rail profile and rwx is the transversal radius of the wheel 
y 
x 
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profile. In the railway case, the curvature A2 is generally neglected as the rail is 
practically straight. 
 
Before being loaded, the vertical relative distance d(x,y) between the two bodies can 
be written as 
 𝑧1 +  𝑧2 = 𝑑(𝑥,𝑦) =  𝐴𝑥2 +  𝐵𝑦2   , Eq. 2-13 
with, 
 𝐴 =  12𝑟𝑛      and     𝐵 =  12 � 1𝑅𝑤𝑥 +  1𝑅𝑟𝑥�. Eq. 2-14 
and A and B being strictly positive. 
For elliptical Hertzian contact, the contact pressure is given by, 
 𝑃(𝑥,𝑦) = 3𝐹2𝜋𝑎𝑏�1 − 𝑥2𝑎2 − 𝑦2𝑏2   , Eq. 2-15 
where 𝑃(𝑥, 𝑦) is the contact pressure,𝐹 is the vertical load on the contact patch, 
while𝑎and 𝑏 are the longitudinal and lateral semi-axes of the contact ellipse, 
respectively. In order to calculate  𝑎 andb, the following formulations are defined. 
 cos𝜃 =  |𝐵 − 𝐴|
𝐵 + 𝐴  Eq. 2-16 
 
 𝑎 = 𝑚�32𝐹 1 − ν2𝐸 1𝐴 + 𝐵�1/3 Eq. 2-17 
 
 𝑏 = 𝑛 �32𝐹 1 − ν2𝐸 1𝐴 + 𝐵�1/3 Eq. 2-18 
 
where 𝐸 is the Young’s modulus, νis the Poisson’s ratio (assuming the same material 
for the rail and the wheel),𝑚 and 𝑛 are non-dimensional coefficients and their 
relationships with the angle 𝜃 is shown in Table 2-2. 
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Table 2-2: Hertz Coefficients for 𝐴/𝐵<1 [51]. 
𝜃° 90 80 70 60 50 40 30 20 10 0 
𝑔 = 𝑛
𝑚
 1 0.7916 0.6225 0.4828 0.3652 0.2656 0.1806 0.1080 0.0470 0 
𝑚 1 1.128 1.285 1.486 1.754 2.136 2.731 3.816 6.612 ∞ 
𝑛 1 0.8927 0.8000 0.7171 0.6407 0.5673 0.4931 0.4122 0.3110 0 
𝑟 1 0.9932 0.9726 0.9376 0.8867 0.8177 0.7263 0.6038 0.4280 0 
 
The reduction of the distance between the bodies’ centres is given by 
 𝛿 = 𝑟 ��32𝐹 1 − 𝑣2𝐸 �2 (𝐴 + 𝐵)�1/3, Eq. 2-19 
where r is a non-dimensional coefficient from Table 2-2. The surface area of the 
contact ellipse of dimensions 𝑎 and 𝑏, can be expressed by the function, 
 𝐴𝑎𝑏 = 𝑚𝑛�32𝐹 1 − 𝑣2𝐸 1𝐴 + 𝐵�2/3 𝐹2/3   . Eq. 2-20 
2.5.2 Effect of Friction and Creep/slip 
The position of the rail/wheel contact, typically 1cm2 in size, varies continuously as a 
train progresses down a section of track. The exact position will depend on the wheel 
and rail profiles and the degree of curvature of the track and whether the wheel is the 
leading or trailing wheel set on a bogie, as well as the other factors dominated by the 
bogie design [52]. 
 
The respective regions of the rail and wheel can be identified from Figure 2-14. 
 
Figure 2-14: Rail/wheel contact zones (Adapted from [53]). 
Rail 
Wheel 
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1. Region A – Wheel tread/railhead. The rail/wheel contact regularly occurs in this 
region and usually occurs when the rail tracks are straight or have very large 
radius curves. This region yields the lowest contact stresses and lateral forces. 
2. Region B – Wheel flange/rail gauge corner.  Compared with region A, this has 
less frequent contact. However, the contacts are more severe than that of region 
A and have higher contact stress and wear rates. If high wear rates and material 
flow occur, two-point contacts may evolve, where tread and flange contact are 
both apparent. 
3. Region C – Contact between outer sides of rail and wheel is least likely to occur 
and if it does, high contact stresses are induced. 
The contact area of the rail/wheel can be divided into stick and slip regions as shown 
in the Figure 2-10. 
Longitudinal creep and the tractive (tangential) forces arise due to the slip that occurs 
in the trailing region of the contact patch. With the increase of tractive force, the 
stick region decreases and the slip region increase, resulting in a rolling/sliding 
contact. Once the tractive force reaches the maximum value, the stick region ceases 
to exist and the entire area is in a pure sliding state. The maximum value of the 
traction force depends on the slip characteristics of the contact patch, and can be 
expressed in terms of the friction coefficient, μ and normal load, N. 
 
 
 
 
 
 
 
 
 
Figure 2-15: Relationship between traction and creep in the rail/wheel contact 
(Adapted from [54]). 
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In modern railway systems, engineers use various methods to improve wear of the 
rail head. One such method is the use of head hardened rails which can affect the 
wear rate. According to Dikshit [55], the use of head hardened rails began in the late 
1980’s. Although head hardening is widely used in current rail systems to resist 
deformation and fatigue, further increases in axle load means that the problems of 
crack initiation and propagation still exist. 
 
The traction/creep curve can be dramatically affected by the presence of a third 
body/layer at the rail/wheel contact [56]. Such substances are known as friction 
modifiers if they are added to either increase or decrease friction in the rail/wheel 
contact. The term lubricant is generally used for substances that decrease friction and 
wear. 
2.5.3 Other Advanced Contact Models 
In addition to the traditional Hertz contact [57] which assumes linear-elastic 
frictionless contact between the contacting surfaces, two other methods been used to 
investigate wheel–rail contacts, namely Kalker’s two software programs CONTACT 
and FASTSIM. 
 
Kalker’s CONTACT software [58] divides the three dimensional non-elliptical 
contact zone into cells and uses a boundary element analysis with a half-space 
assumption and a linear material model to solve the contact problem. In FASTSIM 
[58], the normal problem is solved using the Hertz analytical method and the 
tangential problem using a modified Winkler elastic foundation model. This 
approach increases the calculation speed as compared to the CONTACT program. 
2.6 THE EVOLUTION OF PLASTICITY THEORY AND 
IDENTIFICATION OF MATERIAL PARAMETERS 
The asperity contacts and material failure in the railhead remain points of strong 
interest to rail researchers since being revealed by Kapoor [9]. Since then, numerical 
and FE modelling on cyclic loading applications have been assisted by further 
development of plasticity theories and ratchetting models [59-61]. This section 
covers the evolution of the plasticity theories and the development of material 
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parameters, which are incorporated in the FE model described in Chapter 3 “Finite 
Element Model Development and Validation”. 
 
Initially, FE packages such as ANSYS [62] were capable only of analysing Bilinear 
[63, 64] and Multilinear [65] ratchetting material models. Later, FE software such as 
ANSYS [62] and ABAQUS [66] made considerable improvement in constitutive 
material modelling of material behaviour, including, for example, the non-linear 
kinematic hardening model by Chaboche et al. [67, 68]. Thereafter, more advanced 
cyclic plasticity models were incorporated by Chaboche [69, 70], Ohno and Wang 
[71, 72], Jiang and Sehitoglu [73-75], Abdel Karim and Ohno [76] Bari and Hassan 
[77], Chen and Jiao [78], Vincent et al. [79], Taleb et al. [80], Dafalias et al. [81-83] 
and some others developing the plastic material models to numerically analyse the 
plastic behaviour of the material beyond the yield stress. 
 
In the FE analysis conducted in this research, material models and their parameters 
have been used in ABAQUS [66]. The development of the models will be explained 
next and the method of selection of material parameters will conclude the final 
section. 
2.6.1 Background of Theories and Models 
2.6.1.1 Yield Criteria for Ductile Material and the Von-Mises Yield Criteria 
When a material is subjected to a load/force, it deforms. Once this load/force is 
removed, the material may recover its initial shape and remain fully undeformed. 
This occurs if the deformation is fully recoverable or elastic. This phenomenon is 
illustrated in Figure 2-1: (a). A yield criterion can be defined when the upper limit of 
elastic deformation is reached. The reason for incorporating yield criteria in a 
constitutive model is to identify and realistically model when any plastic deformation 
has occurred due to applied load/force. 
 
There are two main yield criteria that are defined for ductile materials: Von-Mises 
and Tresca. Constitutive models related to the Von-Mises yield criterion may be 
expressed as 
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 𝑓�𝜎 − 𝛼� = �3�𝑠 − 𝑎�. �𝑠 − 𝑎�2 −  𝜎0   , Eq. 2-21 
where𝜎 , 𝛼 , 𝑠 , 𝑎 and 𝜎0 are the stress tensor, current center of the yield surface in 
stress space, deviatoric stress tensor, current center of the yield surface in deviatoric 
stress space and the size of the yield surface, respectively. 
The yield stress 𝜎0 can be defined as, 
 𝜎0  =  𝜎𝑣𝑖𝑟𝑔𝑖𝑛 +  𝑄   , Eq. 2-22 
where𝜎𝑣𝑖𝑟𝑔𝑖𝑛 defines the virgin yield stress; i.e. maximum stress with zero plastic 
strain, and the isotropic hardening is defined by the drag stress 𝑄. 
2.6.1.2 Strain Decomposition with Hooke’s Law and Flow Rule 
The total strain of a material can be decomposed into two parts, i.e. elastic and 
plastic.  𝑑𝜀 = 𝑑𝜀𝑒 +  𝑑𝜀𝑝. Eq. 2-23 
Here, 𝑑𝜀𝑒, 𝑑𝜀𝑝, are the change in elastic strain tensor and the change in plastic strain 
tensor respectively. The elastic strain 𝑑𝜀𝑒, can be expressed using Hooke’s law as 
 𝑑𝜀𝑒 =  1
𝐸
𝑑𝜎 −  𝑣
𝐸
�𝑡𝑟�𝑑𝜎�𝐼 −  𝑑𝜎� , Eq. 2-24 
where 𝐸 and 𝑣 are the Young’s modulus and Poisson’s ratio of the material. Changes 
in the plastic strain 𝑑𝜀𝑝, can be expressed using the flow rule 
 𝑑𝜀𝑝 =  1
𝐻
�
𝜕𝑓
𝜕𝜎
:𝑑𝜎� 𝜕𝑓
𝜕𝜎
    , Eq. 2-25 
where 𝐻 is the plastic modulus of the material. 
Depending on the developed stress under loading, the material can undergo 
kinematic hardening and/or isotropic hardening. 
2.6.1.3 Kinematic Hardening 
During ratchetting, material plasticity models incorporating the Von-Mises yield 
criterion identify the kinematic hardening component of the hardening process. 
During plastic loading, the kinematic hardening manifests itself as the translation of 
the yield surface. In other words, in kinematic hardening the yield surface translates 
its position without changing its size. 
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The 2D yield space, translation due to kinematic hardening for a material subjected 
to uniaxial loading is illustrated in Figure 2-16 (b). 
 
Figure 2-16: (a) Stress-strain response for a material that undergoes kinematic 
hardening process. (b) 2D yield space response for a material undergoing kinematic 
hardening process. 
2.6.1.4 Isotropic Hardening 
When a material deforms under cyclic loading similar to rail/wheel contact, materials 
undergo cyclic hardening, cyclic softening or combination of the two. Isotropic 
hardening identifies this effect whereby the yield space dilates with the number of 
cycles. The isotropic hardening effect reduces over the number of cycles and the 
yield space stabilises. Figure 2-12 (b) presents 2D stress-strain response for a 
material that has undergone an anisotropic hardening process. 
Although the yield stress stabilises after a certain number of cycles, ratchetting keeps 
occurring with increasing number of cycles. Therefore kinematic hardening can be 
recognised as the main cause of the ratchetting behaviour of the material and the 
isotropic hardening causes a changing rate of the ratchetting in the early cycles of the 
process. 
Mathematical models developed to analyse plastic material behaviour primarily 
incorporate kinematic hardening [81-83], since it is recognised as the main cause of 
ratchetting. 
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Figure 2-17: (a) Stress-strain response of a material that undergoes an isotropic 
hardening process. (b) 2D yield space response of a material that undergoes an 
isotropic hardening press. 
2.6.2 Constitutive Models 
Constitutive models define the material behaviour in terms of stress and strain. 
Depending on the variables used and the extent to which the material model 
represents real behaviour, they can vary from simple elastic material behaviour to 
complex plastic material behaviour. FE software incorporates any of these 
constitutive models and during the analysis, the constitutive equations define the 
stress-strain behaviour of each element depending on the material model selected, the 
material parameters and the load applied. 
 
2.6.2.1 Linear Kinematic Hardening Models 
Linear kinematic hardening models are among the first-developed constitutive 
models and were a simplification during the early days of plasticity theory and 
modelling. 
(a) Prager Rule 
The basic linear kinematic hardening model which incorporates linear elastic and 
linear plastic parts was proposed by Prager [64] 
 𝑑𝑎 = 𝐶𝑝.𝑑𝜀𝑝 . Eq. 2-26 
During the uniaxial loading-unloading process, the Prager rule describes the linear 
changes in yield surface in the stress-strain plane. The model only has one material 
parameter 𝐶p, it is therefore simple to analyse the process in FE models while also 
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reducing simulation time. Due to its linear behaviour, this model produces the closed 
hysteresis loops, which does not allow for the realistic simulation of the ratchetting 
phenomenon. It thus fails to demonstrate the ratchetting behaviour of the material 
due to cyclic loading [84]. The predictions developed by Bari and Hassan [84] from 
Prager's model for stress-controlled hysteresis loop with uniaxial loading are 
illustrated in Figure 2-18. 
 
Figure 2-18: Predictions from Prager's model for stress-controlled hysteresis loop. 
As the rail/wheel contact is expected to produce ratchetting material behaviour with 
cyclic loading, the Prager rule/linear kinematic hardening model is not suitable for 
this research. 
(b) Besseling Model 
The multilinear model developed by Besseling [65] is also known as the sublayer or 
overlay model [85].  This model extends the Pager rule by breaking the linear 
uniaxial stress-strain response into several linear segments, as presented in Figure 
2-19. By increasing the number of linear segments, this model develops a smooth 
stress-strain response in FE analysis [86]. 
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Strain 
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Unloading 
  
 Chapter 2:Literature Review 35 
 
Figure 2-19: Stress-strain predictions from Besseling's model. 
However, this model also has similar problems to the Pager rule as it fails to generate 
ratchetting with cyclic uniaxial loading and, furthermore, under-predicts ratchetting 
with multiaxial loading [84]. The multilinear model is therefore also not suitable to 
analyse rail/wheel contact mechanics. 
2.6.2.2 Nonlinear Kinematic Hardening Models 
In order to minimise the difference between material behaviour in the plastic region 
in linear models and practical scenarios, nonlinear hardening models were 
developed. 
(a) Armstrong-Frederick Rule (A-F Rule) 
The first nonlinear kinematic hardening rule was proposed by Armstrong-Frederick 
[87, 88], and is characterised by the ability to retain the strain history. This rule 
introduces a recall term as per Eq. 2-27 and is therefore capable of modelling 
ratchetting under cyclic loading. For this reason, the Armstrong-Frederick rule is the 
basis for most of the recent plasticity models and the advancements thereof. The 
recall term which incorporates the fading memory effect of the strain path makes the 
rule nonlinear in nature, i.e. 
 𝑑𝑎  =  23𝐶.𝑑𝜀𝑝 −  𝛾𝑎.𝑑𝑝   , Eq. 2-27 
where 𝐶 and 𝛾 are material parameters and 𝑑𝑝 (the recall term to retain the strain 
history) defined as 
 
𝑑𝑝 =  �23𝑑𝜀𝑝.𝑑𝜀𝑝�1/2. Eq. 2-28 
Stress 
Strain 
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The capability of keeping the strain history enhances the model’s realism relative to 
the experimental behaviour of the materials in the plastic range. Moreover, this is the 
first kinematic hardening model which is capable of describing the Bauschinger 
effect as in Figure 2-20. That is, if a load specimen is loaded under uniaxial tension 
beyond the yield stress and then unloads and reloads under uniaxial compression, the 
new yield stress in compression is going to be smaller in magnitude than the original 
yield stress in tension. 
 
Figure 2-20: The Bauschinger effect. 
Figure 2-21 presents a graphical representation of stress-plastic strain of Eq. 2-27, 
i.e. A-F rule under uniaxial loading. 
 
Figure 2-21: Stress-strain representation of A-F rule. 
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This rule has a distinct advantage over the linear models because it identifies the 
difference between the loading and unloading paths. Due to the recall term, it 
produces changes in shape between forward and reverse loading paths. Therefore, the 
loop does not close as per the linear models and results in ratchetting material 
behaviour under cyclic loading [84]. 
 
Even though there are some doubts about the accuracy of the predicted results from 
the A-F rule, modification to this model by several researchers has been widely used 
for developing constitutive equations for describing material plasticity behaviour. 
(b) Chaboche Model 
The Chaboche model [67, 70, 89] is the first of many modified versions of the A-F 
rule. It superimposes three A-F type rules as 
 𝑑𝑎 =  �𝑑𝑎𝑖3
𝑖=1
=  ��23𝐶𝑖.𝑑𝜀𝑝 −  𝛾𝑖𝑎𝑖.𝑑𝑝� .3
𝑖=1
 Eq. 2-29 
Here 𝐶𝑖 (for i=1,2,3) and 𝛾𝑖 (for i=1,2,3) are material constants. 
 
The three superimposed kinematic hardening rules are integrated for the uniaxial 
case and plotted in Figure 2-22 [86]. 
 
Figure 2-22: Stress-strain representation of Chaboche model. 
This model improves the stress-strain response due to the fact that each component 
of the kinematic hardening rule represents a specific segment of the stress-strain 
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curve. According to Rahman [86] and Bari and Hassan [84], a1 represents the initial 
non-linear part that starts hardening with a very large modulus and stabilizes very 
quickly.a2 represents the knee part that simulates the transient nonlinear portion of 
the stable hysteresis curve. Finally, a3represents the constant slope part that simulates 
the subsequent linear part of the hysteresis curve at a high strain range. 
(c) Other Non-linear Kinematic Hardening Models 
There are modified material models that incorporate segments to the kinematic 
hardening of a ductile material. Examples are the modified Chaboche models [68], 
Bari and Hassan modification for the Chaboche model [77], Ohno-Wang model [71, 
72, 90], Jiang et al. model [74, 75, 91], Chen and Jiao model [78], McDowell model 
[92], Dafalias et al. models [82, 83] and Feigenbaum et al. model [81]. Material 
ratchetting is a complex non-linear behaviour and therefore researchers are further 
evolving the existing material models. For the current investigation, results obtained 
from the Von-Mises criteria, A-F rule [87, 88] and Chaboche model [67, 70] will be 
incorporated. 
2.6.2.3 Isotropic Hardening Models 
The isotropic hardening component is incorporated into the material model using Eq. 
2-22, as defined under the Von-Mises yield criteria. Johansson and Thorberntsson  
[93] expressed the drag stress, 𝑄 (first seen in Eq. 2-22) as, 
 𝑄 =  𝑄∞ (1 − 𝑒−𝑏𝑚.𝑑𝑝). Eq. 2-30 
The constants in Eq. 2-30 are the saturated value of the drag stress 𝑄∞, and the 
parameter𝑏𝑚, which controls the rate of change of drag stress with respect to 𝑑𝑝, 
defined in Eq. 2-28. 
2.6.3 Material Model Parameters for FE Model 
The objective of this section of the literature review is to identify a suitable material 
model for the FE model described in Chapter 3. In complex rail/wheel contact that 
involves ratchetting under cyclic loading, the material is expected to exhibit 
nonlinear isotropic/kinematic hardening plasticity behaviour. ABAQUS CAE* [66]  
provides multiple ways to input material data into the FE model and this research 
incorporates the material parameters method. This method uses the kinematic and 
isotropic hardening parameters in Von-Mises Criteria, Chaboche Model and A-F rule 
to develop the material behaviour under different loading conditions.  
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2.6.3.1 Identifying the Parameters 
Material models are described by constitutive equations governing the stress/strain 
behaviour of the material as described in Sections 2.6.1 and 2.6.2. In this research, 
the nonlinear isotropic/kinematic cyclic hardening model was used to define classical 
metal plasticity, as developed by Von-Mises and Chaboche[67]. In the model, there 
are various material parameters(𝑄∞, 𝑏, 𝜎𝑣𝑖𝑟𝑔𝑖𝑛,𝐶 and 𝛾)that need to be optimised. 
The material parameters used in the FE model are summarised in Table 2-3. 
Table 2-3: Material parameters for FE model. 
Parameter Parameter Name Incorporated Theory 
Equation 
Number 
𝑄∞ Saturated value of the drag stress Von-Mises Criteria Eq. 2-30 
𝑏𝑚 Material Constant Von-Mises Criteria Eq. 2-30 
𝐶1, 𝐶2, 𝐶3 
𝐶 
Material Constants 
Material Constant 
Chaboche Model 
Chaboche Model 
Eq. 2-29 
Eq. 2-29 
𝛾1, 𝛾2, 𝛾3 
𝛾 
Material Constant 
Material Constant 
Chaboche Model 
Chaboche Model 
Eq. 2-29 
Eq. 2-29 
σvirgin Virgin yield stress of the material Von-Mises Criteria Eq. 2-22 
E Young’s Modulus of the material   
𝑣 Poisons Ratio of the material   
𝜌 Density of the material   
 
2.6.3.2 Parameter Values from Literature 
In the present FE study, the material properties were considered to be equivalent to 
British Standard BS11 [94] normal grade steel, as the experimentally verified 
material model parameters for this material are available in the literature. For 
example, Bower [95] carried out uniaxial experiments on this grade of steel. From 
the generated results, several material models were developed to describe rail 
material behaviour. Schleinzer and Fischer [96] performed experiments for UIC 
900A rail material and developed a separate material model. 
 
Four previously developed material models used different methods to calculate the 
parameters for their studies. Three of these use the Armstrong-Frederick kinematic 
hardening model [87] and the isotropic hardening component in Von-Mises criteria. 
In 1997, Johansson and Thorberntsson [93] used MATLAB* [97] to optimise the five 
parameters in their case, using Bower’s [95] experimental results as the basis for 
their study. In 1999 Ringsberg et al. [11] used the same model developed by 
Johansson and Thorberntsson [93], but their material parameter values, obtained 
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using MATLAB*[97] optimization, differ from those previously obtained by 
Johansson and Thorberntsson. It is evident that Ringsberg [11] followed the same 
method, but the parameters were optimised to match his loading conditions and 
materials. 
 
The third material model parameters are those produced by Ekh et al. [98] in 2000. 
In their study, three material models are considered (A, B and J-S) and only the 
model A values were adopted for consideration in the present study. After 
calibration, Ekh et al. obtained parameters similar to the ones optimised by 
Johansson and Thorberntsson. The only difference is in the value b, as can be seen in 
Table 2-4. 
 
A fourth model was developed in 2001 by Schleinzer and Fischer [96], in which they 
carried out optimization for the normal grade rail steel UIC 900A. This study offers a 
significant improvement over the other three models just described; i.e.it uses the 
Chaboche model, as described in Section 2.4.2.2(b), instead of the A-F rule in 
Section 2.4.2.2(a). The results were obtained with the uniaxial cyclic test, and  Z-
mat* [99] was used to optimise the parameter values. 
 
The discrepancies observed between the material properties of BS11 rails and UIC 
900A were noted by Ringsberg to be minor[14]. Furthermore, Wickramasinghe et 
al.[22] analysed four different sets of material parameter values (i.e. Johansson and 
Thorberntsson [93]; Ringsberg et al. [11]; Ekh and Johansson [98]; Schleinzer and 
Fischer [96]) applied to normal grade rail steel and verified, using a FE model, that 
variations between the different parameter values were minimal. 
 
The various material model parameter values considered for this research are 
provided in Table 2-4. 
 
 
 
 Chapter 2:Literature Review 41 
 
Table 2-4: Material parameter values obtained from literature and used in FE model. 
  
Johansson & 
Thorberntsson 
[93] 
Ringsberg 
et al. [11] 
Ekh and 
Johansson 
[98] 
Schleinzer  
& Fischer [96] 
σvirgin (MPa) 543 406 543 379 
Q∞ (MPa) 22.8 152 22.8 189 
γ 
𝛾1, 𝛾2, 𝛾3 
0.81 
- 
3.12 
- 
0.81 
- 
- 
55  600  2,000 
bm 0.47 3.97 10.7 500 
C (MPa) 
𝐶1, 𝐶2, 𝐶3 
6,490 
- 
13,200 
- 
6,490 
- 
- 
24,750  60,000  200,000 
E (MPa) 209,000 209,000 209,280 206,000 
𝑣 0.29 0.29 0.29 0.28 
ρ (kg/m3) 7,820 7,820 7,820 7,820 
 
2.7 SUMMARY 
Multiple failure and wear mechanisms can be identified on the rail surface as a result 
of rail/wheel contact. The mechanisms involved have been studied extensively by 
several research groups and knowledge is steadily improving. Even though surface 
ratchetting alone is not a major safety issue like RCF, it is still a major wear 
mechanism on the rail head surface that needs to be investigated. The focus of this 
research therefore includes identification, experimentation, failure mechanism 
definition and prediction of surface ratchetting. 
 
In order to further model and predict surface ratchetting on railhead surfaces, 
rail/wheel contact theories were studied. Initially, 2D contact theories were studied 
and discussed using 2D finite element (FE) models. The theory was then extended to 
3D to aid the development of the 3D pressure loaded FE model. The effect of friction 
on the contact patch was then studied to identify the effect of friction on surface 
ratchetting. 
 
Material model developments related to cyclic loading with plasticity was discussed 
step by step. Background theories such as Von-Mises yield criteria; Hooke’s law and 
the flow rule were addressed. Kinematic and isotropic hardening during cyclic 
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loading were presented, followed by the identification of the material model 
parameters for incorporation into constitutive and FE models. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Chapter 3:Finite Element Model Development and Validation 43 
Chapter 3: Finite Element Model Development and 
Validation 
3.1 INTRODUCTION 
This chapter presents the development of the FE model used in subsequent analysis. 
Two-dimensional finite element model development and validation of results against 
Hertzian contact theory is discussed initially. Development of the 3D FE model is 
discussed next, including details of the material model, boundary conditions, load 
application, meshing and validation. 
3.2 FE MODELLING AT THE RAIL WHEEL INTERFACE 
Comprehensive FE modelling of the rail and a full wheel rolling on the surface is the 
ideal scenario to model the complex rail/wheel contact, however the complexity of 
such a model makes it difficult to implement. In order to simplify the solution, 
various simplifications have been made. The process of simplification started with 
the 2D model, applying elastic material properties to identify the suitability of FE 
modelling for the rail/wheel contact problem. 
3.3 ELASTIC FE MODEL - 2D 
Development of the 2D FE model includes identifying relevant rail and wheel 
parameters, meshing techniques and loading conditions. 
3.3.1 FE Model Parameters 
Standard rail and wheel dimensions were considered in the 2D model. The wheel 
diameter was taken as 460 mm [100] and the applied load was 20,000 N/mm. Similar 
elastic material properties were considered for both rail and wheel. Young’s modulus 
and Poisson’s ratio were taken as 210 GPa and 0.3 respectively. 
3.3.2 FE Model Meshing - 2D 
After identifying the required parameters, the model was developed and meshed to 
obtain the optimum contact between the elements. A fine mesh was created near the 
contact region and a coarse mesh was used away from the contact to minimize the 
number of elements and thereby reduce the computational time. The 2D FE model 
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assembly and the mesh arrangements near the contact are presented in Figure 3-1 and 
Figure 3-2 respectively. 
 
 
Figure 3-1: 2D FEM assembly. 
 
Figure 3-2: 2D FE Model mesh arrangements near the contact region. 
3.3.3 Results from the FE Model 
The 2D contact analysis was carried out in the static mode, In the surface-surface 
static contact the wheel is considered as the master surface. The wheel is also 
considered as a rigid body in the first instance. The rail/wheel contact is modelled as 
frictionless; that is, there are no tangential forces acting between the contact surfaces. 
Figure 3-3below shows a plot from the 2D ABAQUS* FE model analysis, which 
gives the contact pressure distribution over the contact width. 
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Figure 3-3: The graph of contact pressure against the contact width generated from 
FEM considering the wheel as a rigid body in 2D line contact. 
The contact pressure distribution over the contact width can be seen in Figure 3-4 
below.  
 
Figure 3-4: Contact pressure distribution over the contact surface in 2D line contact 
considering the wheel as a rigid body. 
The analysis was carried out again considering the wheel as a deformable body. The 
generated results are plotted in Figure 3-5. 
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Figure 3-5: The graph of contact pressure against the true distance along the contact 
path, generated from FEM considering the wheel as a deformable body in 2D line 
contact. 
3.3.4 Comparison between FE Modelling and Hertzian Results 
The 2D finite element model results were compared with the Hertzian model 
calculations carried out using the 2D line contact equations. 
 
From the Hertzian calculations it was found that the contact width is 7.125 mm and 
the maximum contact pressure is 1,787 MPa, with the wheel considered as a rigid 
body. 
 
The calculated pressure distributions along the contact width were then compared 
with the FE model results and plotted in Figure 3-6. 
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Figure 3-6: The graph of contact pressure against the distance from the contact point. 
Comparison between FEM results and Hertzian contact theory calculation results in 
2D line contact - considering the wheel as a rigid body. 
It should be noted that the cause of the discrepancy close to the edge of the contact 
(from 7 to 8 mm and -7 to -8 mm) is due to the fewer FE data points and smoothed 
line fitting using Microsoft Excel*. Moreover, when the edge of an element included 
in the FE model is deformed the whole element tends to deform and that extends the 
contact length in the FE model. 
 
Further calculations were then carried out considering both wheel and rail as 
deformable bodies. In this case, E*was calculated from Eq. 2-3. All other material 
parameters were kept as in the initial case. 
 
From the calculations it was found that the contact width according to the Hertzian 
contact is 10.076 mm and the maximum contact pressure is 1,263 MPa. 
 
The calculated pressure distribution along the contact width compared with the FE 
model results, considering wheel as deformable body, are plotted in Figure 3-7. 
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Figure 3-7: The graph of contact pressure against the distance from the contact point. 
Comparison between FEM results and Hertzian contact theory calculation results in 
2D line contact - considering wheel as a deformable body. 
The discrepancy visible at the edge of the contact line (at 10 to 11 mm and -10 to -11 
mm) is same as for Figure 3-6. 
 
From the comparison it is clear that the developed 2D FE model results match with 
the analytical model results very closely. The next step was to develop a 3D FE 
model to successfully model the real rail/wheel contact to match a more realistic 
contact scenario. 
3.4 3D MODEL DEVELOPMENT 
FE modelling of both rail and wheel specimens at full scale would be the ideal way 
to study the complex rail/wheel contact. However, the computational time and 
expense means that it is necessary in this research to simplify the contact by applying 
a pressure load as a replacement for the wheel. 
3.4.1 Assumptions and Simplifications 
In the FE study the train is assumed to roll on a straight track; it is also assumed that 
the contact patch is located at the centre of the railhead. Therefore the rail cross-
section may be broken into two parts: the insert and the body, as shown in Figure 
3-9. 
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The rail model was developed as per the standard Australian [100] rail cross-section, 
as shown in Figure 3-8. Initially the rail cross-section was sketched in AUTOCAD* 
and imported into ABAQUS* [66] for developing the 3D solid model. The rail 
model, for the purpose of the analysis, consists of 80mm of track length. 
 
Figure 3-8: Standard 60 kg/m rail cross section (dimensions in mm) (Adapted from 
[101]). 
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Figure 3-9: Unmeshed rail model highlighting the Elastic-Plastic mesh zone at the 
top-center of the rail. 
3.4.2 Material Model 
Only a thin layer of material in the vicinity of the rail/wheel contact region is 
expected to experience plastic deformation [9, 11, 21, 24]. An elastic-plastic material 
model describes the material in the rail insert, since this is the volume within which 
plastic deformation is likely to occur as a result of the rail/wheel rolling contact. The 
rail base only experiences elastic deformation and is therefore modelled using a 
linear-elastic material model. 
 
In the FE study, the material properties were considered to be equivalent to British 
Standard BS11 normal grade steel, as the experimentally verified material model 
Elastic-Plastic Material 
Properties Region  
(Rail Insert) 
Rail Body 
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parameters for this material were available in the literature [11, 93, 98].The details 
can be found in Section 2.6.3 “Material Model Parameters for FE Model”. The 
material parameters obtained from the literature can be found in Table 2-4. 
3.4.3 Boundary Conditions 
The rail model consist an 80mm length portion from the continuous rail. Boundary 
conditions were applied to maintain material continuity. The bottom surface of the 
rail model was fully constrained, as shown in Figure 3-10. 
 
Figure 3-10: Rail bottom fixed from any movement. 
Furthermore, the displacements of the two ends of the both rail body and rail insert 
were constrained in the running (z) direction as shown in Figure 3-11. 
Rail bottom 
surface fixed 
Rail 
Head 
 52 Chapter 3:Finite Element Model Development and Validation 
 
Figure 3-11: Constrained surfaces in the running (z) direction. 
 
The mismatch between the element meshes of the adjoining surfaces between the rail 
body and the insert parts is controlled using the ABAQUS* “tie” constraint. The tie 
constraint causes adjoining surfaces to deform by equal measures. The surfaces of 
the rail insert and the rail body are considered as slave and master surfaces 
respectively, as shown in Figure 3-12. 
 
 
The surfaces constrained in 
the running (z) direction 
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Figure 3-12: Identifying (a) slave and (b) master surfaces for the “tie” constraint. 
3.4.4 Load Application 
The FE model was subjected to static general elastic-plastic analysis in 
ABAQUS/standard [66]. The time-consuming multiple-cycles simulation of the 
complete rail/wheel contact led to the initiative of using a pressure-loaded rail model.  
The distributions of contact load and traction load arising in the rail/wheel contact 
were applied to the centre of the rail insert by using ABAQUS* subroutines DLOAD 
and UTRACLOAD. In order to simplify the contact development, the analysis 
assumes single-point contact. During the analysis, a function using the coordinates as 
variables was used to describe the contact pressure of the Hertzian distribution. 
Therefore the 3D Hertzian contact equations were used to define the contact ellipse 
semi-axes and the maximum contact pressure arising from the selected load 
conditions[102, 103]. 
 
The subroutine code used can be viewed in Appendix B. 
 
 
(a) (b) 
Master 
Surface 
Slave 
Surface 
 54 Chapter 3:Finite Element Model Development and Validation 
3.4.5 Meshing 
The chosen meshing technique and the number of elements used in the FE model 
have a significant effect on the results obtained and the computational time/cost. 
Although a fine mesh would produce more accurate results, considering the 
computational time/cost, an optimised mesh was used for the analysis. 
 
As mentioned in Section 2.6.3, only a thin layer of material in the vicinity of the 
rail/wheel contact region is expected to experience plastic deformation. Therefore, 
the rail insert uses a fine mesh of fully integrated eight-node linear brick (C3D8) 
elements, following the work of Ringsberg et al. [11].The mesh density of the insert 
gradually decreases downwards from the rail head surface, as shown in Figure 3-13, 
to reduce the total number of elements of the model and reduce the computational 
time. To identify the critical element and to capture high stress and strain gradients 
near the rolling contact surface, a fine mesh (higher mesh density) of 16x16 mm 
cross sectional area was used in the rail insert. A total number of 25,600 eight-node 
brick elements were generated in the rail insert, using a mapped option, i.e. a so-
called structured mesh.  
 
Figure 3-13: The insert’s mesh size increases with increasing depth. 
A coarse mesh, as shown in Figure 3-14 (a), was used for the rail body, as this region 
is of less interest to the current investigation and is expected to endure only elastic 
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deformation. A total number of 1,536 eight-node brick elements were generated in 
the rail body using the same mapping technique that was used for the rail insert. 
 
Figure 3-14: (a) Coarse mesh of the rail body. (b) Fully meshed rail highlighting the 
mesh size differences between rail insert and rail body. 
3.4.6 3D FE Model Validation 
The FE model was validated for a reference example available in the literature for a 
similar rail/wheel rolling contact problem. Jiang and Sehitoglu [104] used a semi-
analytical approach and Ringsberg [12] used a 3D finite element model approach for 
the same scenario.  
The material model used for the reference example is Jiang and Sehitoglu’s [74, 75] 
bainitic rail steel (BS11). As the differences between rails BS11 [94] and UIC 900A 
material properties are minor [14], material parameters from Schleinzer and Fischer’s 
[96] model for UIC 900A were used for the current analysis. The FE simulation was 
conducted for 50 cycles. The Hertzian pressure distribution with P0/k=6 (where 
k=231 MPa) and µ=0 was used as per Ringsberg’s reference example [12]. Results 
from Jiang and Sehitoglu’s [104], Ringsberg [12] and the current study have been 
plotted for comparison in Figure 3-15.  
(b) (a) 
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The residual shear strain, (𝛾𝑥𝑦)𝑟, is calculated at different depths after each passage 
of the load, and the surface ratchetting (or movement 𝛿*) is obtained using the 
following expression, 
 𝛿∗ = � (𝛾𝑥𝑦)𝑟∞
0
.𝑑𝑧 Eq. 3-1 
 
In Figure 3-15, normalised surface ratchetting 𝛿∗ × 𝐺
𝑘𝑎
 versus the number of cycles 
has been plotted, where G is the shear modulus of the material and a is the 
longitudinal semi-axes of the contact ellipse. 
 
Figure 3-15: Maximum surface ratchetting (PEEQ) calculated from FE simulation 
compared with Jiang and Sehitoglu [104] and Ringsberg [12] results. 
 
Even though, during the initial 10 cycles the values from the critical element analysis 
is different, as the steps are continued for more cycles, results from the current FE 
simulation showed good agreement with both Jiang and Sehitoglu [104] and 
Ringsberg [12] reference analyses for residual strain distributions below the rolling 
contact surface up to 50 cycles.  This validated FE model was then used for the 
analysis in Chapter 4 and 6. 
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3.5 CHAPTER SUMMARY 
In this chapter, a pressure-loaded 3D FE model was developed to simulate the 
rail/wheel contact. ABAQUS FE modelling software was used to simulate the model. 
A full-scale rail section model was developed and the Hertzian equivalent contact 
patch was used to apply the pressure load on the rail head surface. The dimensions of 
the rail model were taken from rail industry standards. The rail was divided into two 
sections and different material models were applied to each in order to reduce 
computational time. The rail insert near the contact was designed using the elastic-
plastic material model to study rail-head ratchetting. The wheel geometry was taken 
from industrial values in order to calculate the pressure loading using Hertzian 
equations. ABAQUS/standard was programmed to apply the pressure load on the rail 
head. Finally, the FE model was validated using reference examples from the 
literature. This model will then be used in the coming chapters for investigating the 
effect of friction on rail ratchetting and the prediction of the onset of wear. 
 
Important components of the FE model input file can be found in Appendix C for 
further details. 
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Chapter 4: The Effect of Friction on Surface 
Ratchetting 
4.1 INTRODUCTION 
Numerous ABAQUS* [66] Finite Element analyses have been carried out using the 
FE model presented in the previous chapter. Studies were carried out to investigate 
the effect of friction force on the rail head in relation to both the development of the 
equivalent accumulated plastic strain (PEEQ) and the changes in the depth of PEEQ 
distribution in the rail/wheel contact. 
4.2 MATERIAL MODEL 
The material model parameters found in the literature were first presented in Table 
2-4 and are repeated in Table 4-1 for convenience. A finite element analysis was 
conducted for each model for comparison. 
Table 4-1: Parameter values for different material models. 
  Johansson & Thorberntsson  Ringsberg  Ekh 
Schleinzer  
& Fischer  
σvirgin (MPa) 543 406 543 379 
Q∞ (MPa) 22.8 152 22.8 189 
γ 
𝛾1, 𝛾2, 𝛾3 
0.81 
- 
3.12 
- 
0.81 
- 
- 
55  600  2,000 
bm 0.47 3.97 10.7 500 
C (MPa) 
𝐶1, 𝐶2, 𝐶3 
6,490 
- 
13,200 
- 
6,490 
- 
- 
24,750  60,000  200,000 
E (MPa) 209,000 209,000 209,280 206,000 
𝑣 0.29 0.29 0.29 0.28 
ρ (kg/m3) 7,820 7,820 7,820 7,820 
 
It may be noted that the density of the rail material was only given in the Ringsberg 
model. So the same density was allocated to all four models, as the density of 
normal-grade materials are very similar. 
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4.3 RAIL AND WHEEL DATA 
The rail and wheel dimensions for the present model have been taken from 
Ringsberg [11]. The wheel radius at the running circle for the motor coach is 0.46 m 
and the radius of the rail head at the axis of symmetry is 0.3 m. The rail track was 
considered to be straight and it was assumed that contact occurs at the centre of the 
rail head. 
4.4 LOADING CONDITIONS 
In this study, a load distribution consistent with a theoretical Hertzian contact patch 
was applied to the railhead. The semi-axes of the contact patch were calculated using 
the method described in the Section 2.5.1.2. The rail and wheel dimensions and the 
material properties, as defined previously, were used to complete the calculations. 
 
An axle load of 14 tonnes, corresponding to a rail normal force of 70,000 N, was 
used for the current investigation in all four models. The friction force was applied as 
a proportion of the normal force by multiplying the normal force by the friction 
coefficient. The two forces were applied as ABAQUS* subroutines DLOAD and 
UTRACLOAD. The details of the subroutines are discussed in the ABAQUS 
subroutine manual [105]. 
 
The objective of this study was to document the change of stress and strain in the 
contact patch under changing friction coefficient, i.e. the effect of traction on the 
stress and strain behaviour in the rail/wheel contact. All of the material parameters 
were kept constant in the above four models, with the friction coefficient in the 
rolling direction changing from 0.00 to 0.40 in 0.05 intervals. Higher values of the 
coefficient of friction do not produce further increases in PEEQ which obviates the 
need to simulate higher values even though they might be encountered in practice. 
 
4.5 RESULTS FROM THE FINITE ELEMENT SIMULATIONS 
Figure 4-1 below depicts the arrangement of the finite element analysis and plastic 
deformation along the rail surface and in cross-section. The cross-section is exactly 
at 40 mm (the midpoint) along the length of the analysed segment of rail. Figure 4-1 
also shows the path of the pressure loading considered in the analysis. Data was 
 Chapter 4:The Effect of Friction on Surface Ratchetting 61 
taken by changing the friction coefficient from 0 to 0.40 by 0.05 intervals after each 
wheel pass. 
 
Figure 4-1: The path considered for the analysis. 
Nine different analyses were carried out with different friction coefficient values for 
the material model data of Ringsberg et al. [11]. The effect of increasing friction 
coefficient can be understood from the results summarised in Figure 4-2 below, 
which compares the PEEQ distribution at the midpoint along the rail length. As the 
friction coefficient increases the maximum PEEQ generating point comes to the 
surface of the rail. 
 
Although in real rail contacts only partial slip usually occurs the surface tractions are 
comparable to the simulation and therefore the values of PEEQ and Von-Mises stress 
are comparable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Path 
considered 
for analysis. 
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Figure 4-2: The effect of friction coefficient on the distribution of PEEQ along the 
rail head for Ringsberg et al. [11] material model parameters. 
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Figure 4-3: PEEQ generation along the rail cross section with different friction 
coefficients ranging from 0 to 0.40. (Ringsberg et al. [11] material model 
parameters.) 
Figure 4-3 provides a summary of the nine different analyses carried out at different 
friction coefficients. For the friction coefficients 0 (corresponding to no friction), 
0.05, 0.10, 0.15, 0.20 and 0.25 the maximum PEEQ is below the rail top surface. But 
with increasing friction coefficient, which corresponds to increased traction, the 
maximum PEEQ comes close to the rail’s surface. The starting range is around 0.3. 
 
Figure 4-4: PEEQ generation along the rail cross section with different friction 
coefficients 0-0.30. (Ringsberg et al. [11] material model parameters.) 
Figure 4-3 considers only the first seven analyses of Figure 4-4, in order to provide a 
clearer visualisation of the changes in PEEQ with changing coefficient of friction. 
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Figure 4-5: The effect of friction coefficient to the distribution of PEEQ along the 
rail head for Johansson and Thorberntsson [93] material model parameters. 
Figure 4-5shows the ABAQUS images of the rail head PEEQ generation with 
changes in friction coefficient from 0 to 0.40, with 0.05 increments for Johansson 
and Thorberntsson [93] material model parameters. The last two sets are shown with 
a different scale in order to provide a better visualisation of changes in the first seven 
images. 
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Figure 4-6: PEEQ generation along the rail cross section with different friction 
coefficients 0-0.40. (Johansson et al.[93] material model parameters). 
 
Figure 4-7: PEEQ generation along the rail cross section with different friction 
coefficients 0-0.30. (Johansson et al.[93] material model parameters.) 
Figure 4-7 shows only the first seven analysis of Figure 4-6, in order to provide 
improved visualisation of PEEQ changes at the lower coefficients of friction. 
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Figure 4-8: The effect of friction coefficient on the distribution of PEEQ along the 
rail head for Ekh et al. [98] material parameters. 
 
Figure 4-8 shows the ABAQUS images of the rail head PEEQ generation with 
changes in friction coefficient from 0 to 0.40 with 0.05 increments for Ekh et al. [98] 
material parameters. The last two sets are shown with a different scale to assist in 
identifying differences in the first seven data sets. 
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Figure 4-9: PEEQ generation along the rail cross section with different friction 
coefficients 0-0.40. (Ekh et al.[98] material parameters.) 
 
Figure 4-10: PEEQ generation along the rail cross section with different friction 
coefficients 0-0.30. (Ekh et al. [98] material parameters.) 
Figure 4-10 shows only the first seven analysis of the Figure 4-9, to aid visualisation 
of the PEEQ changes for the lower coefficients of friction. 
 
 
 
 
 
 
-0.005
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
0 1 2 3 4 5 6 7
PE
EQ
 
Distance from the top of rail head center (mm). 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
-0.0005
0
0.0005
0.001
0.0015
0.002
0.0025
0.003
0.0035
0.004
0.0045
0.005
0 1 2 3 4 5 6 7
PE
EQ
 
Distance from the top of rail head center. (mm) 
0
0.05
0.1
0.15
0.2
0.25
0.3
µ, Friction 
Coefficient 
µ, Friction 
Coefficient 
 
 68 Chapter 4:The Effect of Friction on Surface Ratchetting 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-11: The effect of friction coefficient to the distribution of PEEQ along the 
rail head for Schleinzer & Fischer [96] material model parameters. 
 
 
Figure 4-11 shows the ABAQUS images of the rail head PEEQ generation with 
changes in friction coefficients 0-0.40 with 0.05 increments for Schleinzer & Fischer 
[96] material model parameters. The last two sets are shown with different scale as it 
helps to identify the differences in first seven images. 
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Figure 4-12: PEEQ generation along the rail cross section with different friction 
coefficients 0-0.40. (Schleinzer & Fischer [15] material model parameters.) 
 
Figure 4-13: PEEQ generation along the rail cross section with different friction 
coefficients 0-0.30. (Schleinzer & Fischer [15] material model parameters.) 
Figure 4-13shows only the first seven analyses of Figure 4-12, so that a clear 
indication of PEEQ changes can be observed. 
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4.6 DISCUSSION 
It is important to note that, from the summarised material parameters of (Table 2-4) 
only two material models are effectively used. The first material model, developed 
by Johansson and Thorberntsson [93],forms the basis for both Ringsberg et al.[11] 
and Ekh et al. [98],with both also co-authored by Johansson and the latter also co-
authored by Thorberntsson. All three models use the data from Bower’s [95] 
experiments. The second model, developed by Schleinzer & Fischer [96] considering 
rail steel UIC 900A, is based on their own experimental data and methodology, 
implementing Chaboche’s [89] model. So in what follows, the main focus of the 
discussion will be the models and data of Ringsberg et al.[11] and Schleinzer & 
Fischer [96]. 
 
Kapoor [3] studied material failure in terms of low cycle fatigue due to closed strain 
and ratchetting failure due to open strain. Further on in his research with Franklin 
[26], Kapoor investigated wear and crack initiation using shear stress distribution on 
the rail head with different friction coefficients. This research considers the shear 
stress distribution from the finite element model data to predict the life of the rail 
material. 
 
The main objective in this research is to identify the changes in PEEQ with traction 
changes. Previous studies by Johnson [28] found a mathematical method to calculate 
the depth relative to the contact surface where maximum stress occurs. In his 
calculations he determines the point where maximum shear stress occurs, which can 
be proven using finite element modelling as well. 
 
The problem with the consideration of shear stress is that with the higher contact 
loads the maximum stress comes close to the surface even without the traction load. 
The Figure 4-14 below is taken from the analysis with 0.00 friction coefficient (i.e. 
without traction) at 70kN load. The elements 1-9 are taken along the rail cross 
section at the 40mm length (half of the total length). The history output of Von-
Mises stress is recorded for the whole period. At this loading condition, the 
maximum stress almost reaches the third element which is 0.6 mm from the rail top 
surface. At the same loading condition the maximum PEEQ is at the 6th element 
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which is 1.9 mm below the surface, as shown in Figure 4-15. The next comparison is 
for the same elements with a 0.3 friction coefficient (i.e. when the maximum PEEQ 
reached the rail’s surface). Here the maximum PEEQ at the rail top surface decreases 
gradually until the 9th element. 
 
So the use of PEEQ gives more range in terms of cross section depth to achieve its 
maximum value. And the other advantage of using PEEQ as FEM output is that it is 
not necessary to use history output data as the strain change is available at the end of 
the analysis. In Figure 4-15 and Figure 4-17 it is clear that after 0.4 milli-seconds we 
can get the strain changes. With stress, we have to use history output data to track the 
stress values. 
 
Figure 4-14: Von-Mises Stress vs. time of nine elements at the centre of the rail 
length, along the cross section with no traction. 
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Figure 4-15: PEEQ vs. time of nine elements at the centre of the rail length, along the 
cross section with no traction no traction. 
 
Figure 4-16: Von-Mises stress vs. time of nine elements at the centre of the rail 
length, along the cross section with 0.3 friction coefficient. 
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Figure 4-17: PEEQ vs. time of nine elements at the center of the rail length, along the 
cross section with 0.3 friction coefficient. 
 
4.7 SUMMARY 
Based on the analysis and results, it is concluded that, at lower traction levels and 
higher vertical loads, the maximum PEEQ is generated at a greater depth below the 
surface compared to the maximum Von-Mises stress. 
 
At the 0.0 friction coefficient level (zero traction), maximum PEEQ is at 1.9mm 
below the surface and maximum Von-Mises’ stress is at 0.3 mm below the surface. 
At the 0.3 friction coefficient, maximum PEEQ reaches the surface in all analysed 
material models and it gradually decreases with depth along the rail cross section. 
From Figure 4-14  and Figure 4-16, the lower depth of Von-Mises stress distribution 
and its small variation do not effectively highlight the damage prospects along the 
rail depth. In contrast, Figure 4-15 and Figure 4-17 with PEEQ there is clear 
indication of the material damage locations and the depth at which it occurs. As a 
result PEEQ is a better parameter than Von-Mises stress to study rail fatigue and 
wear. 
This calculation/identification will be assessed when the physical material is tested in 
the rail/wheel simulator, where two disks will roll together at high contact pressure 
and low traction and the development of surface ratchetting will be observed. 
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Furthermore, this phenomenon will be used with previously developed ratchetting 
theory to predict rail life. 
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Chapter 5: Renovation of Rolling Contact Simulator 
5.1 INTRODUCTION 
This research has the advantage of access to a rail/wheel rolling contact simulator at 
Queensland University of Technology (QUT) that was developed by Marich and 
Mutton [2] and later modified by Wilson et al. [106] for twin-disk testing. This 
chapter will describe the simulator, its renovation, development and procurement of 
wheel test specimens. The material standards related to test sample preparation and 
the engineering drawings are also provided, followed by the operating procedure of 
the simulator to complete the chapter. 
 
It was discussed in the literature review that a suitable method to study complex 
stress-strain characteristics on the rail surface is to obtain rail track data on site. 
Practical difficulties such as attending site frequently, variable contact load with 
various locomotives and carriages, as well as safety issues, mean that researchers 
must follow testing protocols to simulate the cyclic loading effect on rail/wheel 
contact. Twin-disk contact simulator experiments that simulate the wheel running 
over a flat rail are widely used [5, 38, 107-113] to simulate this type of contact and 
thereby identify damage in cyclic rail/wheel contact. 
 
Bandula-Heva et al.[114]used image analysis to experimentally determine the stress-
strain characteristics of head hardened Australian rail material, however twin-disk or 
cyclic loading test data, related to the heavy-haul head hardened Australian standard 
rail material (AS 1085.1-2002) [100] is not yet available in the literature, even 
though it is of critical interest for rail innovation. Therefore, the Australian rail 
research community, which develops analytical and numerical models to assess rail 
damage, have had to depend on similar material data available in the literature to 
develop material models for their own research. The twin-disk contact simulator used 
in the present research experiments permits changing the contact load and the friction 
coefficient to study the wear rates of rail material. A schematic diagram of the twin-
disk contact simulator is presented in Figure 5-1. 
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Figure 5-1: Schematic diagram of the rail/wheel simulator (Adapted from[115]). 
5.2 SIMULATOR RENOVATION 
The rail/wheel contact simulator was originally designed for investigating rail/wheel 
contact wear by Marich and Mutton [2] and was capable of changing the contact 
angle to enable the study of rail gauge corner wear, as found in the literature [38, 
110, 112]. Wilson [116] modified the simulator with new accurate measuring and 
operating methods to improve the efficiency and the accuracy for measuring the 
effect of lubrication, but at the same time removed the contact angle changing 
capability of the simulator. 
 
After the initial feasibility study, it was understood that the changes required to test 
the rail gauge corner contact would incur high expense; more than the allocated 
funds for the research. Therefore, the main objective of the renovation of the 
simulator was to restore it to the working condition as it had during the lubrication 
project and to recalibrate all of the sensors and measuring devices in order to 
generate accurate data. After the renovation, it was expected that the simulator would 
be capable of testing the effects of loading and traction on surface damage in the 
rail/wheel contact. 
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5.2.1 Electrical System 
The electrical system consists of both high voltage and low voltage systems and is 
equipped with three emergency switches as a safety feature. Figure 5-2 shows the 
main switch board, which includes a key-operated emergency switch attached to the 
ACS550 motor controller/variable speed drive. There is a connection from the main 
switchboard to operate the proximity sensor attached to the simulator as a safety 
feature to detect the presence of the safety cage. The power required to activate the 
pneumatic solenoid is also supplied through the main power board. Within the 
simulator there were two motors, one rotates the disks while the other supplies 
lubricant to the bearings. Figure 5-3 shows the electrical wiring diagram of the 
simulator. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-2: Motor controller, main switch, proximity sensor connection and key-
operated emergency switch. 
In addition to the main power supply, an additional power supply powers the 
Desktop PC which provides a graphical user interface (GUI) to the data acquisition 
system, DAQ VIEW. Additionally, there are several other digital devices used for 
data acquisition system that require electricity. A web cam was also installed to 
monitor the system remotely while the tests ran overnight. 
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Figure 5-3: Electrical wiring diagram of the rail/wheel simulator.
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5.2.2 Pneumatic System 
The pneumatic rams are capable of generating very high contact load which can 
create contact pressures up to 2 GPa depending on contact geometry. 
 
 
Figure 5-4: Pneumatic cylinders. 
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5.2.3 Hydraulic System and Traction Force Application 
A hydraulic dynamometer applies a braking torque, inducing high slip conditions 
which might occur in practical situations in the rail head contact. In contrast to other 
twin-disk systems used for the rail/wheel contact testings which are capable of 
measuring friction force [117-119], this simulator measures the slip from the 
differences in the rotational speeds of the two shafts and the applied tractive force 
from the dynamometer.  
 
In order to obtain smooth changes to the slip condition, a rotary flow-control valve, 
equipped with a highly precise, indexable rotating controller, was attached to the 
system, as shown in Figure 5-6. 
 
 
 
 
Figure 5-5: Hydraulic dynamometer. 
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Figure 5-6: Flow control valve and indexing head for smooth adjustment of oil flow 
dynamometer. 
 
 
 
5.2.4 Data Acquisition System (DAQ System) 
5.2.4.1 Load Measurement 
The load cells used to measure the contact load were custom-designed membrane 
types as previously used by Wilson [116]. The load cells were installed between the 
loading mechanism and the wheel sample holder as shown in Figure 5-7. These were 
calibrated before the start of actual testing as detailed in Section 5.2.4.2. 
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Figure 5-7: Load cells on the simulator. 
5.2.4.2 Calibration of the Load cell 
The load cells on the simulator were calibrated using an existing calibrated load cell. 
The pneumatic ram was disconnected from its abutment with the small-wheel 
support and the load cell was placed in between. Calibration was performed using the 
DAQ View output.  
Load cell to measure 
the radial force. 
Load cell to 
measure the axial 
clamping force 
on the large disk. 
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Figure 5-8: DAQ View reading calibrated against load cell measurement. 
Finally, Eq. 5-1was developed to convert the digital output from DAQ View to a 
load value. 
 𝐿𝑜𝑎𝑑 𝑖𝑛 𝑁𝑒𝑤𝑡𝑜𝑛 = 11.577 ×  𝐷𝐴𝑄 − 307.16   , Eq. 5-1 
where, DAQ is the DAQ View reading in millivolts. 
 
5.2.4.3 Slip/creep measurement 
Rotational speeds of the two shafts are measured using inductance-probe shaft 
encoders. The encoders were connected to the main shaft using toothed belts to avoid 
slip. The shaft encoders and their connection to the shafts is shown in Figure 5-9. 
The encoders have a resolution of 5400 encoder counts per revolution, which allows 
gathering of high-resolution data for both shaft position and speed. The variable-
speed drive also has a speed display and the data output from the encoders matches 
with the value of the motor controller. The accuracy of the encoder is high compared 
to any other possible external rotational speed measuring device. Therefore no 
further calibration was carried out on the encoders.  
y = 11.577x - 307.16 
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Figure 5-9: Connecting the main shaft and the encoder using a toothed belt. 
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5.3 DISK PREPARATION 
5.3.1 Rail and Wheel Sample Material Properties 
Chemical composition of the standard 60kg/m rail material is presented inTable 5-1.  
Table 5-1: Chemical composition for rail material in Rail Standards[100]. 
Chemical Element Rail Standard (60kg/m) 
Carbon % 0.65 -0.82 
Manganese % 0.70 - 1.25 
Silicon % 0.15 -0.58 
Phosphorus % 0.025 max. 
Sulphur % 0.025 max. 
Aluminium % 0.005 max. 
Nitrogen % 0.010 max. 
Other  
Residual Metals  
(max %) 
Chromium (Cr) 0.15 
Molybdenum (Mo) 0.02 
Nickel (Ni) 0.1 
Copper (Cu) 0.15 
Tin (Sn) 0.04 
Titanium (Ti) 0.025 
Niobium (Nb) 0.01 
Vanadium (V)  0.03 
Lead (Pb) - 
Boron (B) - 
Cu + 10Sn  0.45 
Cr+Mo+Ni+Cu+V 0.3 
5.3.2 Rail and Wheel Sample Drawings 
Both rail and wheel disk samples were prepared according to the AS 1085.1-2002 
standard for rail and wheel materials [100]. The disks were casted at the QR National 
(Queensland Rail National) workshop and oil quenched to the standard hardness. 
These hardened samples were then machined to the contact simulator dimensions. 
Figure 5-10 and Figure 5-11 represent the mechanical drawings submitted for the 
machining of both the large and small disk samples. The inside measurements are 
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specified to match the taper angle on the shafts, while the outside surface was created 
flat for the large disk. The small disk outside surface curvature was changed for each 
disk (flat, 25 mm, 50 mm and 100 mm in diameter) to obtain different contact 
pressures. 
 
Figure 5-10: Mechanical Drawing for the large disk. 
 
Figure 5-11: Mechanical drawing for the small disk. 
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5.4 STANDARD OPERATING PROCEDURE (SOP) 
The testing procedure includes all the safety measures deemed necessary during 
sample testing using the simulator. 
• Start the chiller correctly and make sure that chilled water supply is connected to 
the heat exchanger of the rail/wheel simulator. Figure 5-12shows the operating 
panel of the chiller. Switch on the main switch on the wall and then power on the 
chiller. Start the compressor and pump. The input connection to the heat 
exchanger indicates the inlet water temperature to make sure that chilled water is 
coming into the system when it is operating. In an emergency immediately switch 
off the power on the chiller. 
• Clean both disk samples; initially with white spirit and then with hexane to 
ensure any residue is removed. Follow the safety instructions indicated in the 
MSDS manual for both chemicals. 
• Measure the diameter of rail and wheel samples using a micrometer. 
• Measure ambient temperature with infrared thermometer on a surface with 
constant emissivity (Temperature range -50 to +500 degrees C). Make sure the 
equipment is used with maximum caution. The equipment surfaces are expected 
to have maximum temperature of 100 degrees C when in is use for testing with 
high torque. When operating with higher torque, the hot surfaces shall be marked 
with tags to warn individuals who might touch the equipment. 
 
Figure 5-12: Chiller operating panel. 
• Position wheel and rail disk samples on the holders as shown in Figure 5-13. 
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Figure 5-13: The large and small disk mounting tapers on the rail contact 
simulator. 
• The pneumatic system and bolts will be used to tighten the disks against the 
tapers on the shaft. 
• The safety cover will then be fixed in place before starting the system. The 
safety cover protects from all the moving parts of the system. The proximity 
switch attached to the contact simulator will ensure that the machine can only 
be operated with the cover properly fitted. 
• Position of the pneumatic valve that loads the small disk carefully before 
powering on the system. It should be in the neutral position to avoid loading 
the small test sample against the large sample. Figure 5-14 shows the 
pneumatic controller panel. 
 
Figure 5-14: Pneumatic valve at the backward (unload) position. 
• Switch on the main power and then switch on the lubrication pump in order 
to lubricate the bearings. Keep an infrared thermometer to check the bearing 
Pressure 
l  
Pneumatic 
value 
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temperature at regular intervals in order to control the hydraulic flow through 
the bearings. 
• Switch on the proximity switch (which is usually at the off position).Once the 
cover is put on, it will come to the active position and allow the variable 
frequency drive to be powered on. 
• Start the variable frequency drive and accelerate to test speed at a rate of 10 
rpm per second. The motor will use high voltage, however its operation panel 
is separate from the contact simulator once the disks are fixed and the safety 
cover is in place. The main power supply board is with the variable speed 
drive, which includes an emergency power switch for safety. 
• When testing with traction is desired, after approximately five minutes of 
running, a tractive force is applied by way of the hydraulic dynamometer. 
This force is set by adjusting the pressure in the hydraulic system and is 
measured at the wheel holder by means of the torque transducer. If the testing 
with traction is not desired then the hydraulic dynamometer valve is kept 
open to obtain the minimum resistance torque. 
• Once pneumatic pressure is applied, the push lock on the pressure regulator 
should be applied to avoid changes in the position of the regulator due to 
system vibration, thereby avoiding any unwanted changes to the contact load. 
• Monitor the back pressure on the hydraulic filter to ensure that the filter is 
working properly and removing contaminations from the system. If the back 
pressure is high, change the filter to achieve proper filtration. 
 
Figure 5-15: Hydraulic filter. 
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• Start variable frequency drive and accelerate to test speed (e.g. 200 rpm) at a 
rate of 10 rpm per second.  
• Ensure wheel sample is rotating to prevent damage. Keep a close look on the 
force and pressure meters to confirm that the disks are in contact all the time, 
otherwise damage to the main shafts can result. 
• Stop the system after the predefined time or number of cycles. 
• Measure temperature of test samples with an infra-red thermometer. Wait 
until the disk temperatures reduce to less than 50 degrees Celsius before 
handling them. 
• Remove the cover after shutdown of the system and remove the small test 
sample for other data outputs. 
• Additionally, there are three emergency switches around the contact 
simulator and panel board to cut off the power of the whole system in case of 
an emergency. One of them is key-operated and located in the main panel 
near the variable speed drive as in Figure 5-16. In order to power on the 
system, the key operated emergency switch needs to be activated. Additional 
safety features are highlighted in Figure 5-17. 
 
Figure 5-16: Key Operated Emergency stop near variable speed drive. 
Key 
operated 
emergency 
switch. 
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Figure 5-17: As seen on the image, the operation panel and the DAQ system are fully 
separated from the covered contact simulator. Therefore, while the contact simulator 
is in operation, the operator is away from the moving parts of the system. 
• In order to operate the simulator overnight, a web cam was connected to the 
contact simulator, allowing remote access to check whether any potential 
hazard is present. The web cam has motor controls to change the camera 
orientation and view. A view from the webcam is shown in Figure 5-18. 
 
Figure 5-18: View of the contact simulator from the web cam. 
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5.5 SUMMARY 
The separate systems of the rail/wheel simulator have been discussed, including 
electrical system, heat dissipation system, pneumatic system, hydraulic and traction 
force application systems and the data acquisition system. The disk preparation has 
been described, including the material selection for casting and the drawings 
submitted for workshop machining. Finally, the standard operation procedure of the 
rail/wheel simulator was described. This is a part of a risk assessment plan that had 
to be done in order to conduct experiments at the QUT Banyo facility. 
 
 
 
. 
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Chapter 6: Rail/Wheel Contact Experiments 
6.1 INTRODUCTION 
In this chapter, the different tests carried out on rail material and disks will be 
presented. The experiments involve twin-disk tests using the rail and wheel materials 
as per the Australian standard AS 1085.1-2002 [100]. The experimental program is 
divided into three sections: pre experimental testing of the prepared disks, testing of 
disks using the rail/wheel simulator and post experimental testing of wear particles 
removed from the test samples. The outcomes have been analysed and conclusions 
made from a rail engineering perspective. 
6.2 PRE-EXPERIMENTAL SAMPLE TESTING 
The main purpose of the pre experimental testing is to ensure that the material 
properties of the prepared samples are within Australian Standards [100] 
specification. The testing was conducted at the material testing laboratory at the QR 
National Redbank Foundry where the disks were casted and machined. Two types of 
tests were conducted as a part of pre-experimental testing; chemical composition 
testing and hardness testing. A pre-casting material pour was used for chemical 
composition testing and the machined disks were used for hardness testing. 
6.2.1 Chemical Composition Testing 
The chemical compositions of steel, and its elements such as carbon, manganese and 
silicon, define its physical properties such as hardness and strength of the rail. 
Therefore, it is important to identify the quality of the experimental disks before 
using them for testing. Comparison of the composition of standard rail material [100] 
and the chemical composition report data from QR National Redbank Foundry are 
presented in Table 2-4. 
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Table 6-1: Comparison of chemical composition in AS1085.1-2002 rail standards 
[100] and the casted disks used for the experiments. 
Chemical Element 
Rail Standards 
Rail Size (60kg) 
Analysed Report 
From  
Redbank Foundry 
Carbon % 0.65 -0.82 0.698 
Manganese % 0.70 - 1.25 0.796 
Silicon % 0.15 -0.58 0.451 
Phosphorus % 0.025 max. 0.021 
Sulphur % 0.025 max. 0.013 
Aluminium % 0.005 max. 0.035 
Nitrogen % 0.010 max. - 
Other  
Residual  
Metals  
(max %) 
Chromium (Cr) 0.15 0.099 
Molybdenum (Mo) 0.02 0.017 
Nickel (Ni) 0.1 0.023 
Copper (Cu) 0.15 0.016 
Tin (Sn) 0.04 - 
Titanium (Ti) 0.025 0.002 
Niobium (Nb) 0.01 0.01 
Vanadium (V)  0.03 0.004 
Lead (Pb) - <0.002 
Boron (B) - 0.002 
Cu + 10Sn  0.45 - 
Cr+Mo+Ni+Cu+V 0.3 0.136 
      
6.2.2 Hardness Testing 
Once the test samples were received from the machine shop, preliminary material 
testing was carried out to check the hardness of the disk samples. The hardness of the 
disk samples was taken after the machining process and identified as 341 HV30 
using the Vickers hardness test. 
6.2.3 Analysis of Pre-experimental Test Results 
Chemical composition testing results presented in Table 2-4show a good relationship 
between casted disks and the Australian Standards' specification. Furthermore, 
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hardness testing results in Section 6.2.2 came to an average of HV341. The value 
range as per the Australian Standard [100] is 340 minimum to 430 maximum. 
Therefore, the pre-experimental material test shows that the rail material is within 
specification but at the lower tolerance limit. The quality of the test disks has 
therefore been validated. 
6.3 TWIN-DISK TESTING OF RAIL SAMPLES 
Twin-disk testing was the key component of the experimental part and was used to 
study the wear rates of the rail material with number of cycles and loading equivalent 
according to the industry standard: i.e. million gross tonnes (MGT).This section 
details the specifications during testing, the test results and conclusions. For the 
rail/wheel simulator renovation, disk preparation and operating procedure of the test 
rig, the reader is directed to Chapter 5 “Renovation of Rolling Contact Simulator”. 
6.3.1 Measurement of Wear Rates 
Four small disks, as shown in Figure 6-1, were used for the experiments, with 
different surface curvatures to obtain different contact pressures. Throughout the 
experiments, the contact force was kept constant and by varying the surface 
curvature, different contact pressures were obtained. The contact was kept dry during 
the experiments and the hydraulic dynamometer kept fully open to allow free flow of 
lubricants to maintain the lowest possible traction between the wheels. The friction 
was therefore assumed to be zero for all tests. 
 
Figure 6-1: Disk Samples. 
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Four experiments were designed using the four small disks. The testing conditions 
are tabulated in Table 6-2. 
Table 6-2: Calculated average Hertzian contact pressure on small disk samples. 
Disk Sample No. and 
Surface Curvature 
Average surface 
diameter/curvature of 
the disk (mm) 
Average diameter  
of the disk (mm) 
Test 1 – Flat 0 150.05 
Test 2 – 100 mm 100 149.95 
Test 3 – 50 mm 50 149.95 
Test 4 – 25 mm 25 149.8 
The test ran at a constant speed of 200rpm for the entire period for all tests. 
Rotational speeds of the two shafts and the contact load between the shafts were 
recorded every second over the running period using the graphical user interface 
(GUI) of the DAQ VIEW data acquisition system. After a certain number of hours 
(depending on the feasible time) the testing was stopped in order to let the system 
cool to room temperature before taking dimensional measurements. The disk surface 
was then cleaned using white spirit first and then hexane to remove any particles or 
dust on the contact surface. This is similar to the cleaning procedure at the beginning 
of the test explained in Section 5.4: “Standard Operating Procedure (SOP)”. Finally, 
the diameter of the small disk was measured using a micrometer with an accuracy of 
0.01mm. The diameter was measured at six different places and averaged to 
compensate for random errors.  
6.3.2 Twin-disk Test Results 
The load cell connected to the pneumatic cylinder that measures the contact load, 
provides a signal to the Data Acquisition System (DAQ System). The load cell signal 
output from the DAQ System was calibrated to obtain the exact load value as 
presented in Section 5.2.4.2. The average Hertzian contact pressure during the whole 
period for each test was calculated and presented in Table 6-3. The calculation 
procedure for the Hertzian contact pressure followed the steps presented earlier in the 
literature review. Diameter changes over the number of cycles were not considered 
for the contact pressure calculations and the average value of the beginning and end 
of test was taken. 
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Table 6-3: Calculated average Hertzian contact pressure on small disk samples. 
Disk sample number 
and the 
surface curvature 
Average diameter  
of the disk (mm) 
Maximum Hertzian 
contact pressure (GPa) 
Test 1 – Flat 150.05 0.46 
Test 2 – 100 mm 149.95 1.43 
Test 3 – 50 mm 149.95 1.82 
Test 4 – 25 mm 149.8 2.39 
Initially, all the disks were run approximately 1.5 million cycles to determine the 
material wear rates. Rail industry expresses the loading of the rails in terms of 
Million Gross Tonnes (MGT) to simplify the various loading values and number of 
cycles. One MGT is equivalent to moving one-tonne load, one-million cycles over 
the rail surface. Eq. 6-1 was used to convert the experimental results to MGT, 
 𝑀𝐺𝑇 = Average Contact Load × Number of Cycles
𝑔 × 1,000 × 1,000,000  Eq. 6-1 
where, average contact load is taken from Table 6-4and g is the gravitational 
constant equal to 9.8 ms-2. 
Table 6-4: Test results; average contact load of the small disk samples. 
Disk sample number and the 
surface curvature 
Average diameter  
of the disk (mm) 
Average contact  
load (N) 
Test 1 – Flat 150.05 11276 
Test 2 – 100 mm 149.95 11079 
Test 3 – 50 mm 149.95 10996 
Test 4 – 25 mm 149.8 11080 
 
The change in diameter with the number of cycles and MGT is plotted for the small 
disk after around 1.5 million cycles and is presented in Figure 6-2. 
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Figure 6-2: Change in diameter with number of cycles and MGT over approximately 
1.5 million cycles. 
Compared to Test 1, the contact pressure during Test 2, 3 and 4 was significantly 
higher, as indicated in Table 6-3. The wear rate pattern in Figure 6-2 shows that 
during the first 1.5 million cycles, or 1.8 MGT, the wear rate is higher for test 2, 3 
and 4. That is, the slope of the curves for first 1.5 million cycles is higher for test 2, 3 
and 4. 
In order to further investigate the wear rate pattern, the last two sets of tests ran more 
than 2.5 million cycles and the change in diameter with the number of cycles was 
measured. MGT calculation were completed for tests with 2.5 million cycles and 
plotted in Figure 6-3. 
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Figure 6-3: Change in diameter with number of cycles and MGT for the small disk 
for 2.5 million cycles. 
An interesting observation was made during Test 3 and 4 after 1.5 million cycles. 
Both test samples exhibit a considerably lower wear rate until around 1.65 million 
cycles and then they have a high wear rate for the next one million cycles.  
6.3.3 Analysis of Cyclic Load Testing Results 
Takikawa et al. [38] recently studied head checks with large disks. In previous twin-
disk experiments [5, 120], run on small disks with lower contact pressure, head 
checks were not observed. Therefore, material removal due to micro level ratchetting 
on surface has rarely been identified in previous research. 
 
Lewis et al. [121, 122] followed the rail wear mapping techniques presented by 
Bolton and Clayton [123] to identify the wear mechanisms and transitions in railway 
wheel steels.  
 
The experiments conducted by the present author focus on the wear mechanisms 
under varying conditions of cyclic loading for a specific material rather than the 
comparison of wear rates of the rail surface. The diameter changes presented in 
Figure 6-2 and Figure 6-3, together with wheel surface and particle analysis, are used 
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to identify and describe the wear mechanisms which are subsequently explained in 
detail in Section 6.5. 
 
In Figure 6-2, at the very beginning of the experiment (initial 0.2 million cycles), the 
disk diameter reduces at a rapid rate. The main cause for this is that the curved 
surface flattens at the very beginning to reduce the contact pressure on the contact 
surface. Thereafter it has a lower wear rate compared to the initial period. 
 
In comparison, Test 3 and Test 4 in Figure 6-3, experience higher wear rates in the 
initial 1.5 million cycles. Therefore, a hypothesis was developed from the 
experimental study that when the rail material is loaded with a high contact load and 
run over a considerable period of time, wear progresses at a slower rate initially. 
After a certain number of cycles, the material layer loses its integrity, with sudden 
loss of a considerable amount of particles from the surface layer. Another reason for 
this phenomenon might be the condition of dry contact testing. As the deformed 
surface layer settles to a new layer, slower wear rate is observed.  
6.4 SURFACE AND PARTICLE TESTING 
After investigation of the behaviour of the hardened material in twin-disk testing, 
post experimental testing was conducted to observe the disk surfaces and the wear 
particles obtained during the experimental process. 
6.4.1 Post Experimental Surface Testing 
The main purpose of the surface images is to identify any cracks or large particles 
removed from the disk surfaces. The contact area typically has a width of 20 mm as 
shown in Figure 6-4. 
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Figure 6-4: Contact surface width for each disk. 
The disk surface images for Tests 1, 2 and 3 (at the end of the tests) are shown in 
Figure 6-5, Figure 6-6 and Figure 6-7. 
 
Figure 6-5: Surface characteristics of the small wheel at the end of Test 1 at four 
different locations on the disk. 
(a) 
Contact Surface Area 
 
(d) (c) 
(b) 
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The contact pressure is relatively small for Test 1 as the disks are flat. Therefore the 
crack initiation or large particle removal is hardly identified, as demonstrated by 
Figure 6-5. 
 
 
Figure 6-6: Surface crack initiations of the small wheel at the end of Test 2. 
Test 2 was run at a higher contact pressure throughout the experiment due to the 
curvature of the smaller wheel’s surface. 
 
Figure 6-7: Surface crack initiations of the small wheel at the end of Test 3. 
Figure 6-7 is the surface images at the end of Test 3. This test is run at a higher 
contact pressure compared to test 1 and 2 because of the smaller radius of the wheel 
perpendicular to the running direction. In addition, the wheel ran for one-million 
more cycles than Tests 1 and 2. Therefore, a broad area exhibits a roughened surface 
(a) 
(d) (c) 
(b) 
(a) (b) 
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due to ratchetting and surface fatigue. Due to dry rolling conditions, thermal damage 
in the form of surface oxidation is visible on the surface. 
6.4.2 Particle Testing 
Microscope testing was carried out on the particles removed from the surface to 
further evaluate the particle size changes during the twin-disk tests. A TM3000* table 
top scanning electron microscope (SEM) was used for the particle testing. This 
microscope is highly rated in terms of its portability compared to conventional large 
scanning electron microscope models. Other main features of the TM3000* are the 
capacity to permit specimen observations in high-magnification regions beyond the 
reach of optical microscopes and the ability to produce three-dimensional like images 
emerging from a great focal depth. 
 
Due to experimental constrains and cost, the particle testing was completed only for 
Test 3. The particles were collected at different intervals as summarised in Table 6-5. 
 
Table 6-5: Number of cycles for each particle sample. 
Sample  
Number 
No. Of Cycles  
(Small Disk) – `000 
No. Of Cycles  
(large Disk) – `000 
1 125 63 
2 604 303 
3 953 477 
4 1,636 819 
5 2,126 1,065 
6 2,655 1,329 
Microscope testing was carried out at different magnifications for the same sample. 
Figure 6-8 shows the microscope images for sample 1 from Table 6-5 at different 
magnification levels. 
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Figure 6-8: SEM imaging of wear particles for sample 1 in Table 6-5at different 
magnification levels. (a) 40 times magnification. (b) 100 times magnification. (c) 200 
times magnification. (d) 400 times magnification. 
The comparison of the particle sizes of the samples at different magnification levels 
will be discussed next. 
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Figure 6-9: SEM images of wear particles at 40 times magnification for different 
samples in Table 6-5. (a) Sample 1. (b) Sample 2. (c) Sample 3. (d) Sample 4. (e) 
Sample 5. (f) Sample 6. 
At 40 times magnification in Figure 6-9 (a), the particle size is large compared to that 
of Figure 6-9 (b), Figure 6-9 (c) and Figure 6-9 (d). The particle sizes become larger 
again in Figure 6-9 (e) and Figure 6-9 (f). 
 
(a) (b) 
(c) (d) 
(f) (e) 
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Figure 6-10: Microscopic testing for wear particles at 100 times magnification for 
different samples in Table 6-5. (a) Sample 1. (b) Sample 2. (c) Sample 3. (d) Sample 
4. (e) Sample 5. (f) Sample 6. 
At 100 times magnification, similar observations to those at 40 times magnification 
can be made. That is, in Figure 6-10 (a), the particle size is larger on average, 
compared to that of Figure 6-10 (b), Figure 6-10 (c) and Figure 6-10 (d). The particle 
sizes appear to become larger in Figure 6-10 (e) and Figure 6-10 (f). 
 
(a) (b) 
(c) (d) 
(e) (f) 
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Figure 6-11: SEM images of wear particles at 200 times magnification for different 
samples in Table 6-5. (a) Sample 1. (b) Sample 2. (c) Sample 3. (d) Sample 5. (e) 
Sample 6. 
At 200 times magnification, similar observations to those made at 40 times 
magnification and 100 times magnification can be identified. That is, in Figure 6-11 
(a), the particle sizes are large compared to that of Figure 6-11 (b), Figure 6-11 (c) 
and Figure 6-11 (d). The alignment at sample 5 and sample 6 (Figure 6-11 (e)) makes 
it difficult to comment on particle size changes. 
 
(a) (b) 
(c) (d) 
(e) 
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6.4.3 Analysis of the Surfaces and Particle Testing 
Surface images in Figure 6-5 show little or no cracking at the end of Test 1. The test 
ran 1.65 million cycles (or 1.86 MGT). In Figure 6-5 (b) the small cracks at the left 
hand can be identified as resulting from a foreign body sticking with the disk surface. 
Moreover, in Figure 6-5 (b) crack developments can be identified, together with the 
reddish-brown thermal oxidation spots. 
 
In Test 2, crack formation is higher than in Test 1, even though Test 2 ran 1.52 
million cycles (or 1.75 MGT); which is lower than in Test 1. Comparison between 
Figure 6-5 and Figure 6-6 indicates substantial differences. Test 2 was conducted at 3 
times higher contact pressure than Test 1, due to different contact geometry, as 
calculated in Table 6-3. This is the cause of accelerated crack initiation and 
development in Test 2. 
 
At the end of Test 3, crack and surface damage are clearly visible from Figure 6-7. 
Test 3 was run at 2.98 MGT corresponding to 1.82 MPa contact pressure. This 
caused the material on the surface to fatigue, exfoliating from the disk surface and 
creating surface damage as shown in Figure 6-7. 
 
A review article based on wear particles using computer image analysis was 
conducted by Raadnui [124]. During this study, the different particle sizes and 
shapes and the causes for particle formation are explained. Figure 6-12 shows 
different wear particles taken from that study. It is evident from Figure 6-12 that the 
wear particles formed during the cyclic load testing in twin-disk test-rig are due to 
rolling contact fatigue of materials. As the slip was kept to a minimum value during 
the experiments, the combined rolling-sliding or severe sliding particles are a rarity. 
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Figure 6-12: Gallery of wear particles (Reproduced from [125]). 
Recently, Wang et al. [126] developed a particle identification method by combining 
principle component analysis and grey relational analysis. In their study also they 
highlighted wear particles shapes as shown in Figure 6-13. 
 
Figure 6-13: (a) A severe sliding wear particle (b), (c), (d) Fatigue wear particles 
(Reproduced from [127]). 
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According to Wang [126], fatigue and severe sliding wear particles have more 
complicated boundary morphology and surface structure. Identification of these 
particle differences is difficult, as they are dependent on various parameters. For 
example, in Figure 6-12 (a) and (b), the particles have similar size, shape and outline, 
but one of them is a severe sliding particle and the other is a fatigue particle. The 
shape and profiles of the particles in Figure 6-12 (c) and (d) are different, but they 
are both fatigue particles. Even though different particle sizes and shapes are a 
possibility, the microscopic images generated from the testing in Figure 6-9, Figure 
6-10 and Figure 6-11 closely follow the features of fatigue particles in Figure 6-12 
and Figure 6-13. 
6.4.3.1 Material Failure 
Material failure in the heavy-loaded experimental disks may be explained using the 
theoretical developments found in the literature. In Figure 6-12 and Figure 6-13it is 
understood that the particles generated during Test 3 are fatigue particles. 
According to Table 6-3, during Test 3, disk material withstands 1.82 GPa Hertzian 
equivalent contact pressure. This contact pressure exceeds the yield strength of the 
material and therefore the material will start ratchetting as per Figure 2-1. However 
according to the FE analysis conducted in Chapter 4:, when the friction coefficient is 
close to zero, maximum equivalent accumulated plastic strain (PEEQ) generates 2-3 
mm below the surface. During the twin-disk testing, it is clear that the plastic flow of 
the material occurs at the surface. This contradictory identification leads to the 
asperity contacts hypothesis described with Figure 2-2. 
 
Even though the assumption is that the surface is smooth, the turned surface has 
considerable roughness which causes micro level contacts to initiate. Figure 6-14 (a) 
shows an idealization of the rail/wheel contact. The small asperities are represented 
as tips of radius ρ. Figure 6-14 (b) details the typical pressure distribution from the 
idealised model compared to the smooth Hertzian equivalent.  
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Figure 6-14: (a) Idealization of a rough surface contact. (b) Typical contact pressure 
profile from the idealized model, with the smooth Hertzian equivalent shown for 
comparison. (c) The effect of radius of the asperity tip (ρ*) and wavelength (λ) on the 
peak pressure normalized by the Hertzian maximum contact pressure (Adapted from 
[128]). 
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During the FE analysis in Chapter 4, the contact was assumed to be represented by 
the Hertzian solution. But realistically, within that contact, small asperity contacts 
occur and they cause high contact pressure. According to Kapoor et al. [9], as shown 
in Figure 2-2, the maximum contact pressure at the asperities is higher than in the 
Hertzian smooth-contact prediction by a factor of 8.84. This causes the material in 
the asperities to deform plastically. Figure 6-14 (c) explains the effect of ρ* and λ on 
the micro level asperity contact and the maximum contact pressure that arises. 
 
As explained in the FE analysis of Chapter 4, friction has a considerable effect on the 
depth of maximum contact pressure on the twin-disk contact surface. In Section 
2.5.2, the generation of stick and slip regions in the rolling/sliding contact is 
explained. Due to the dry contact maintained throughout testing, the sliding is small 
compared to a larger stick region in the contact patch, which reduces the traction 
force. Such a discussion is based on a macro level contact patch identified in the 
Hertzian solution in Figure 6-14 (b). In addition to the extremely high contact 
pressure, micro-level asperity contacts experience a higher amount of adhesion. As 
the two are disks made from same material, micro-level asperity contacts result in 
deformations very close to the surface rather than a few millimetres below the 
surface as predicted by Hertz. 
6.4.3.2 Particle Formation in Twin-disk Tests 
Particle generation during tests can be explained as follows. The higher contact 
pressures at the asperity tips along with the sticky contacts gives rise to plastic 
deformation at the surface of the disk. This plastic deformation creates concentrated 
deformation patches on the rail surface, as illustrated in Figure 6-15. As the number 
of cycle’s increases, these patches contact over and over again in dry contact, 
generating flake-like particles, as identified in SEM imaging shown in Figure 6-9 and 
Figure 6-10. 
 
 
Figure 6-15: Plastic deformation on asperities join together to form small patches. 
 
Region B 
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After the dark areas in Figure 6-15 are removed as flakes, the regions between the 
dark spots (Region B) act as the new asperities over which severe deformation 
occurs, thus propagating the cycle of rolling contact fatigue flake formation and 
wear. 
 
6.5 EXPERIMENT CONCLUSIONS/SUMMARY 
Material behaviour and wear rates during the simulator testing have been explained 
in Section 6.3.3. From Figure 6-2, it can be observed that diameter reduction at the 
very beginning of the experiment is higher. During Test 3, this sudden drop in 
diameter at the very beginning can be further explained using the particle testing 
images in Section 6.4.2. In Figure 6-9, Figure 6-10 and Figure 6-11, Sample 1 
particles are larger compared to Sample 2 and Sample 3 particles. This indicates the 
initial settling of the machined disk surface layer. 
 
In Figure 6-3, the sudden drop in the diameter after 1.5 million cycles was 
unexpected. But during the particle testing for Test 3, further evidence for this 
behaviour was observed, as in Figure 6-9 and Figure 6-10 the particle sizes in images 
(b), (c) and (d) are smaller than the particles in images (e) and (f). Therefore, the 
theoretical hypothesis is that as the numbers of cycles or MGT increases, the wear 
rate is higher and the particles are removed from the surface. Also, the images taken 
at the end of Test 3, shown in Figure 6-7, exhibit large cracks on the surface which 
indicate that material is removed in large particles when compared to Figure 6-6 and 
Figure 6-7. 
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Chapter 7: Critical Element Analysis to Predict 
Crack Initiation 
7.1 INTRODUCTION 
This chapter presents a detailed analysis of rail life prediction using FE modelling 
and critical element analysis; a failure criteria developed by the author improving on 
previous techniques found in the literature. The FE model developed and validated in 
Chapter 3 is used in the life prediction model. The significance of the approach is 
that multiple cycles of FE modelling were used with a specific failure criterion in 
order to predict rail life. 
7.2 MATERIAL PROPERTIES 
Different material models were shown to produce similar results during the friction 
study in Chapter 4. The present study uses the model parameters for UIC 900A 
normal grade rail material, as obtained by Schleinzer and Fischer [96] and presented 
in Table 7-1. 
Table 7-1: Material model parameters for the UIC 900A normal grade rail material 
from Schleinzer and Fischer [96]. 
Material Constant Value 
σ0 (MPa) 379 
Q∞ (MPa) 189 
γ1  γ2  γ3 55, 600, 2000 
bm 500 
C1 C2 C3(MPa) 24750, 60000, 200000 
7.3 LOADING CONDITIONS 
The transverse radius of the rail head is 0.3m. It was considered that the rail track 
was straight and that contact occurs at the centre of the rail head. The rail and wheel 
dimensions for this research were taken from the literature [11]. The wheel radius of 
the locomotive is 0.46m and an elastic-plastic analysis using ABAQUS/standard[66] 
was carried out to study the rail/wheel contact. 
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The axle load considered for all scenarios was 26 tonnes, corresponding to a 
rail/wheel contact normal force of 130kN. The load was sufficient to initiate 
ratchetting deformation and in line with the industry norm. Different friction 
coefficients were analysed to identify their effect on ratchetting damage. The friction 
force was calculated as a proportion of the normal force by multiplying the normal 
force by the friction coefficient. Exact values of the different loading conditions are 
provided in Table 7-2. 
Table 7-2: Loading conditions. 
Analysis  
No. 
Load 
(kN) 
Friction  
Coefficient 
Calculated 
Maximum P0 (GPa) 
1 130 0.00 1.32 
2 130 0.05 1.32 
3 130 0.10 1.32 
4 130 0.15 1.32 
5 130 0.20 1.32 
6 130 0.25 1.32 
7 130 0.30 1.32 
8 130 0.35 1.32 
 
7.4 CALCULATION OF CRACK INITIATION UNDER RATCHETTING 
Fatigue life to crack initiation has been studied using the strain-life approach [15]. 
This research addresses crack initiation due to rolling contact fatigue using the 
critical element rather than the critical plane approach [14]. 
7.4.1 Critical Element Analysis and Damage Accumulation Rule 
Rolling contact load causes every element in the mesh to progressively increase its 
plastic deformation (ratchetting) with the number of cycles. The critical element has 
a maximum equivalent ratchetting strain per load-cycle which is determined using 
the critical element approach, as described in the next section. 
7.4.2 Identifying the Critical Element from the FE Model 
The method of identifying the critical element is similar to that used to calculate the 
equivalent ratchetting strain per load cycle. Ratchetting damage is calculated using 
the ratchetting criterion [3]. Crack initiation begins when the total accumulated strain 
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reaches a critical value, 𝜀𝑐 which is a material constant that depends on the ductility 
of the material. Once the material’s total accumulated strain reaches𝜀𝑐, its ductility is 
exhausted, which is considered as the point of crack initiation [114]. 
 
Crack initiation in rail materials due to cyclic loading has been studied before [10, 
11, 13, 14]. The number of cycles to crack initiation caused by ratchetting, at load 
cycle n, can be calculated as, 
 (𝑁𝑓.𝑟𝑎𝑡)𝑛 = 𝜀𝑐∆𝜀𝑟 Eq. 7-1 
where,∆εris the equivalent ratchetting strain per load cycle (ratchetting rate), 
calculated as, 
 ∆𝜀𝑟 = �(∆𝜀)̅2 + �∆?̅?
√3�2 Eq. 7-2 
where, ∆𝜀i̅s the plastic strain in the longitudinal (travelling) directionper load-cycle, 
and ∆?̅?is the shear strain on the critical element per load-cycle. The material 
constant, 𝜀𝑐, for BS11 normal grade rail material is 11.5 [11]. The factors defining 
rε∆ are longitudinal strain and shear strain, as per Eq. 7-1 and Eq. 7-2. Therefore, the 
history output of the set of 45 elements defined at the centre of the rail was examined 
to find the longitudinal and shear strain after every cycle, thus enabling identification 
of the critical element. 
 
Figure 7-1 shows the defined set at the top of the rail used to identify the critical 
element. Those elements with the highest shear and longitudinal strain must be 
included in this set. 
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Figure 7-1: Defined set to identify the critical element of the FEM. 
 
The history output data was collected for all the elements after the FEM analysis had 
completed 20 cycles. Longitudinal plastic strain, PE33, and plastic shear stain, PE12, 
values were extracted from the FE analysis history data. The equivalent ratchetting 
strain per load cycle ∆εr was calculated using Eq. 7-2 for each element. The critical 
element was identified as that with maximum equivalent ratchetting strain per load 
cycle. This element represents the location where crack initiation is most likely to 
occur. 
 
The equivalent ratchetting strain per load-cycle is higher during the initial cycles and 
causes very high plastic strain to the critical element. Figure 7-2 shows a typical per-
cycle equivalent ratchetting strain pattern with increasing number of cycles. It may 
be observed that as the number of cycles increases, the equivalent ratchetting strain 
per-cycle becomes constant. Consequently, the number of cycles to crack initiation 
can be calculated with a modification of Eq. 7-1 (𝑁𝑓.𝑟𝑎𝑡)𝑛 = 𝜀𝑐 − 𝜀𝑟0∆𝜀𝑟  Eq. 7-3 
where, 𝜀𝑟0 is the aggregate of the equivalent ratchetting strain before the constant 
ratchetting rate. The aggregate ratchetting strain for the first 15 cycles was used as 
the measure of 𝜀𝑟0. Therefore the effect of damage to the material during the early 
cycles will be ignored when calculating the total number of cycles to crack initiation. 
The justification for this is that up to 𝜀𝑟0 the ratchetting rate is not constant. During 
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this period, the surface changes occur at a faster rate as the initial hardening process 
takes place. After the 15 cycles the ratchetting rate for the material reached a 
constant rate allowing lifetime to be calculated. The 15 cycles giving non-linear 
contribution could be added to the lifetime however it constitutes a small fraction of 
the typical lifetime. 
 
Figure 7-2: Per cycle equivalent ratchetting strain changes with number of cycles. 
Finally, the number of cycles to crack initiation was calculated using the damage 
accumulation rule in Eq. 7-3. The damage was calculated on a per-cycle basis and 
added linearly to the total damage. 
7.5 EFFECT OF TRACTION ON THE RATCHETTING FATIGUE LIFE 
OF THE RAIL MATERIAL 
The calculated number of cycles to crack initiation with different friction coefficients 
is summarised in Table 7-3 and plotted in Figure 7-3. Wickramasinghe et al. [22] 
confirmed that the increase of friction coefficient causes material failure to move 
towards the rail surface as per the shakedown map in Figure 7-4. Therefore, the 
material element in which the crack initiates varies from analysis to analysis. During 
the last two analyses (numbers 7 and 8), the critical element was at the rail surface 
whereas it was near the surface in analysis number 6. 
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Table 7-3: Analysed results. 
Analysis  
No. 
Friction  
Coefficient 
No. of cycles to crack initiation 
(Thousands) 
1 0.00 5433 
2 0.05 4624 
3 0.10 3284 
4 0.15 2871 
5 0.20 1757 
6 0.25 38 
7 0.30 21 
8 0.35 3 
 
 
 
Figure 7-3: The graph of friction coefficient vs. number of cycles to crack initiation. 
 
The subsurface damage due to low friction, as illustrated in Figure 7-4, took a higher 
number of cycles to reach the defined damage criteria level in the critical element. 
Surface damage due to high friction took a small number of cycles to crack initiation.  
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Figure 7-4: A shakedown map for a general three-dimensional rolling-sliding contact 
(Adapted from [129]). 
7.6 SUMMARY 
This chapter presents a life prediction strategy for rolling contact fatigue crack 
initiation under ratchetting damage in rail contacts. It extends the critical crack plane 
concept [14] developed for rail/wheel contact by using multi cycle 3D elastic-plastic 
finite element analysis and, significantly, the critical element concept. 
 
Therefore, the following conclusions can be made. 
• Elastic-plastic FE analysis with critical element analysis is a valuable 
technique to predict fatigue life and crack initiation under ratchetting damage. 
• The critical element concept provides a simple method to calculate the life-
time to crack initiation compared to the previously developed criteria, such as 
the critical plane concept. 
• Recent tensile test data [114] and further cyclic loading testing means critical 
element concept can be applied to different materials in the future.  
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• Material models such as Jiang and Sehitoglu [74, 75] can be used with the 
new critical element concept to further define complex material behaviour 
under cyclic loading. 
Significantly, this work identified that at high friction forces, material failure is 
reached in a very short number of cycles, in the surface elements. This phenomenon 
is important to the rail industry in Australia as rail operators are increasing the high 
traction use of rail infrastructure. 
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Chapter 8: Summary and Contributions 
Rail wear and rolling contact fatigue are important aspects of heavy haul rail 
maintenance. Rail/wheel contact is the main cause of wear and RCF. Due to ever 
increasing demand for higher loads and greater speeds, rail/wheel contact mechanics, 
material selection for rail and wear mechanism optimisations are continuously 
evolving. Rail wear and RCF occur at various sections of the rail classified as surface 
ratchetting, head checks, squats and tongue lipping. The RCF failures can cause 
catastrophic failures due to crack propagation into the rail head. On the other hand 
surface ratchetting can cause the material of the surface to be removed and initiate 
cracks. This research examined the material removal from the rail surface from 
experimental and numerical modelling perspectives. 
 
In order to study the surface metal plasticity and ratchetting in the rail surface, a 3D 
pressure loaded FE model was developed to simulate the rail/wheel contact using 
industry norm material models and loading conditions. The available elastic-plastic 
material model parameter data in the literature for normal grade rail material was 
used for the FE modelling calculations. Initially, the effect of friction on surface 
ratchetting was studied using the FE model. A numerical method based on the FE 
results was developed to calculate the life of the surface material. This technique can 
be extended to head-hardened rail material data to calculate the number of cycles to 
material failure in the rail/wheel contact. 
 
ABAQUS* software was used for developing and solving the FE model. Due to 
computational time issues and complexity of modelling, a pressure loaded model was 
developed instead of a full rail/wheel contact model. Only a thin layer of material in 
the vicinity of the rail/wheel contact region is expected to experience plastic 
deformation. Therefore, the rail head was divided into two parts: the rail insert and 
the base. An elastic-plastic material model describes the material in the rail insert, 
since this is the volume within which plastic deformation is likely to occur as a result 
of the rail/wheel rolling contact. The rail base only experiences elastic deformation 
and is therefore modelled using a linear-elastic material model. The “tie” constraint 
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was used to bind the rail insert and the base. Hertzian theory was used to calculate 
the pressure load value and the dimensions of the contact patch. User subroutines 
DLOAD and UTRACLOAD were used to apply the pressure load. Twenty cycles 
were completed in the ABAQUS*/standard environment and the relevant stress and 
strain values were recorded using the history output option in ABAQUS*. FE model 
results were collected for four different material model parameters. Maximum 
equivalent plastic strain generation was studied in terms of rate of ratchetting and the 
depth below the contact surface. 
 
Head-hardened rail head material failure was studied experimentally using a 
rail/wheel simulator. The simulator renovation was completed to restore the 
simulator to full working condition by assembling all the systems. The discs were 
designed and ordered for casting, hardened and machined at different curvatures to 
obtain different contact pressures. Testing was carried out to identify the rail head 
wear rate with million gross tonnes (MGT) loading. The results were further 
extended to identify the material failure mechanism on the rail head surface. Particles 
were collected at different intervals and observed using a scanning electron 
microscope. Surface ratchetting was identified as the main wear mechanism and 
discussed.  
FE modelling was further extended to develop a numerical model to identify the 
material failure with the number of cycles. FE element and the experimental results 
were analysed and discussed separately as the head hardened rail material properties 
(cyclic loading data) were not available in the literature for direct comparison. 
8.1 RESEARCH CONTRIBUTIONS 
The contributions of this research mainly come from four categories, i.e.: 
• Pressure loaded FE model development and the identification of the effect of 
friction on surface ratchetting in the rail/wheel contact. 
• Experimental identification of the rail head wear rates under cyclic loading 
under zero friction. 
• Surface ratchetting material failure mechanism discussion using images of 
wear particles obtained by scanning electron microscope. 
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• Calculation of the number of cycles to crack initiation using FE modelling 
results. 
8.1.1 Effect of Friction for Surface Ratchetting 
The effect of friction for the maximum equivalent plastic strain generation and the 
maximum Von-Mises stress was identified. At lower traction levels with higher 
vertical loads, the maximum PEEQ is generated at a greater depth below the surface 
than to the maximum Von-Mises stress. 
 
At the zero friction coefficient, maximum PEEQ was at 1.9 mm below the rail 
surface and the maximum Von-Mises stress was at 0.3 mm below the surface. As the 
friction coefficient increases, PEEQ reached the surface at 0.3 friction coefficient 
value. The depth of the maximum PEEQ decreased as the coefficient of friction 
increased from 0.0 to 0.3. 
8.1.2 Experimental Identification of the Rail Head Wear Rates 
The rail head wear rates for the head hardened rail material was experimentally 
tested using the rail/wheel simulator. The wear rates were obtained in terms of the 
diameter changes of the testing disks. Initially the rates are higher as the disk 
undergoes flattening of its curved surface due to wear, which reduces the contact 
pressure. Thereafter it has a lower wear rate compared to the initial period. 
 
After 1.5 million cycles, the wear rate increases again and this is evident from the 
removed particle sizes from the rail surface. Therefore, the hypothesis was developed 
from the experimental study that when the rail material is loaded with high contact 
load and run over a considerable period of time, it initially wears at a slower rate. 
After a certain number of cycles, the material layer loses its integrity and results in 
rapid loss of particles from the surface layer. 
 
Furthermore, the changes in diameter with the number of cycles and the million 
gross tonnes for four different contact pressures were plotted. 
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8.1.3 Material Failure Mechanism and Surface Ratchetting 
Wear particle analysis was carried out using the particles generated during the 
testing. Particle size and shape was compared with the available images in the 
literature. The cause of particle formation was identified as being due to asperity 
contacts on the machined surface. The hypothesis was previously developed in the 
literature, however, the full scale rail/wheel contact simulator testing, combined with 
scanning electron microscopic imaging of the particles, further justified the 
developed hypothesis. Particle size changes observed with the number of cycles 
supported the conclusions made relating to the wear rates of the disks. 
8.1.4 Number of Cycles to Crack Initiation 
The number of cycles to crack initiation with different friction coefficients was 
studied. The critical element method was developed modifying an existing technique 
using both FE model results and the numerical technique. 
 
Material failure manifests itself as the crack initiation below the rail surface when the 
friction coefficient is between 0.00 and 0.20 (when analysis completed at 0.05 
increments). With further increase in friction, the material failure occurs close to the 
surface. At zero friction force, it took 5,433,000 cycles to initiate the crack below the 
top surface. This reduces significantly to 1,757,000 cycles when the friction 
coefficient increases to 0.20. 
 
When the friction coefficient is 0.25, 0.30 and 0.35, the material failure occurs at the 
rail surface with low cycles calculated as 38,000, 21,000 and 3,000 respectively. The 
material failure at the top surface with very high friction is less common on rail top 
surface in most rail lines as they maintain a lower friction than 0.25. However rail 
gauge corner material failure is evident as this area experiences very high friction 
and traction. 
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8.2 LIMITATIONS OF THE DEVELOPED METHODS 
Limitations of this study can be categorized in to two sections as modelling 
limitations and experimental limitations. 
8.2.1 Limitations of Modelling Methods 
The following limitations related to modelling methods have been identified. 
• The technique simulates purely sliding as the pressure load is dragging over 
the rail surface. 
• The analysis is conducted in static mode with a pressure load. Complete 3-D 
dynamic analysis would improve the analysis results with the actual 
rail/wheel contact problem. 
• Identification of the initial number of cycles to constant ratchetting rate, as in 
Figure 7-2, may vary between studies. 
8.2.2 Limitations of Experimental Methods 
In the experimental methods, the following limitations were identified. 
• The sectioning of the discs is important for identifying crack and wear 
mechanism in detail. Particle and surface testing were carried out instead as 
sectioning of the expensive discs was not a possibility. 
• During the wear rate plotting, changes in the contact patch topography were 
not considered, as removing the discs during testing was not a possibility. 
• In order to obtain high contact pressures around 1 GPa, the discs need to have 
a curved shape than a flat one, the different surface curvatures makes it 
difficult to accurately compare wear rates between different tests. 
8.3 RECOMMENDATIONS & FUTURE WORK 
There are some important aspects in rail/wheel contact mechanics that can be further 
investigated to improve prediction strategies and the failure mechanisms. 
1. Cyclic-load test results have been obtained as far back as 1989. Australian 
rail material has significantly improved since then and it is important to carry 
out a cyclic load test with accurate strain measurements (such as Particle 
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Image Velocimetry - PIV technique) to obtain the stress-strain hysteresis 
loop. This will lead to a better material model development relevant to 
Australian industry and standards. Test results and the rail track data obtained 
recently can then be modelled accurately using FE techniques and better 
predictions can be made. 
2. In this research, the material parameters technique was used for the FE model 
rather than the ABAQUS subroutine technique due to time limitations. 
Accurate cyclic loading test results can be used with UMAT and VUMAT 
ABAQUS subroutines to produce more accurate results than with the material 
parameters available in the literature. The advantage of using a subroutine 
with cyclic loading data is that the higher isotropic hardening in early cycles 
and the higher kinematic hardening in the later cycles can be easily 
differentiated using the program code. 
3. It is recommended to repeat the experiments using the rail simulator to 
further investigate the observed results. Stereo microscope testing on the 
wheel disk surface during the test intervals rather than at the end would be 
helpful to identify the surface damages and failure mechanisms. In this way, 
failure development with number of cycles can be examined step-by-step. 
4. Actual rail track data on a straight rail track would be helpful to practically 
verify the obtained outcomes. Even though the material properties, hardness 
and other parameters were kept within standards, the actual rail site data 
would be important to finalise the conclusions and apply the results to real 
railway tracks. 
5. Material failure technique can be further examined using a surface 
profilometer, where the surface roughness changes can be properly analysed. 
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Appendices  
APPENDIX A. CALCULATION OF HERTZIAN PARAMETERS 
 
 
Figure A-1: Geometry of two elastic bodies with convex surfaces in contact(Adapted 
from [49]). 
According to Hertzian contact theory, the contact area of a wheel and rail is elliptical 
in shape, with the major and minor semi-axis a and b respectively. The contact 
pressure distribution P in this area can be expressed as [28] 
𝑃(𝑧, 𝑥) = 3𝐹2𝜋𝑎𝑏 �1 − 𝑧2𝑎2 − 𝑥2𝑏2    , Eq. A-1 
where, F is the applied normal load. According the developments of FE model in this 
work, the z axis extends along the major axis and the x axis along the minor axis as 
shown in Figure A-1. The magnitudes of a and b depend on the normal load, wheel 
and rail profiles and materials. 
𝑎 = 𝑚 �3𝜋𝐹(𝐾1 + 𝐾2)4𝐾3 �1/3. 
 
Eq. A-2 
𝑏 = 𝑛 �3𝜋𝐹(𝐾1 + 𝐾2)4𝐾3 �1/3. Eq. A-3 
 
a 
b 
Elliptical contact 
area 
 
x 
x 
y 
y 
W 
Body A 
  
Body B 
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Where K1 and K2 are constants that depend on the material properties of the two 
bodies and are given as follows, 
𝐾1 = �1 − ν𝑖2𝜋𝐸𝑖 �  and  𝐾2 = �1 − ν𝑗2𝜋𝐸𝑗 �, Eq. A-4 
where Ei and Ej are the Young’s modulus of elasticity of the two bodies and νi and νj 
are the Poisson ratios of the two bodies. 
K3is a constant that depends on the geometric properties (i.e. the principle radii of 
curvature of the surfaces of two bodies at the origin) of the two bodies and is defined 
as follows, 
𝐾3 = 12 � 1𝑅1𝑖 + 1𝑅2𝑖 + 1𝑅1𝑗 + 1𝑅2𝑗� Eq. A-5 
The coefficients m and n are given by Hertzian theory in the Table A-1 as a function 
of the angular parameter θ for the values 00 and 900 [57]where θ defined as, 
𝜃 = cos−1 �𝐾4
𝐾3
� Eq. A-6 
and, 
𝜑 is the angle of the orientation difference of the principle axes of the two bodies; 
also called yaw rotation. For the current study 𝜑 is taken as 00.. 
Table A-1: Hertzian Coefficients m and n [103]. 
Θ     Θ     θ     
(deg) m n (deg) m n (deg) m n 
0.5 61.4 0.1018 10 6.604 0.3112 60 1.486 0.717 
1 36.89 0.1314 20 3.813 0.4125 65 1.378 0.759 
1.5 27.48 0.1522 30 2.731 0.493 70 1.284 0.802 
2 22.26 0.1691 35 2.397 0.53 75 1.202 0.846 
3 16.5 0.1964 40 2.136 0.567 80 1.128 0.893 
4 13.31 0.2188 45 1.926 0.604 85 1.061 0.944 
6 9.79 0.2552 50 1.754 0.641 90 1 1 
8 7.86 0.285 55 1.611 0.678       
 
To use with the computer simulations and calculations, an alternative approach to the 
numerical interpolation is to develop closed-from expressions for the coefficients m 
𝐾4 = 12�� 1𝑅1𝑖 − 1𝑅2𝑖 �2 + � 1𝑅1𝑗 − 1𝑅2𝑗�2 + 2� 1𝑅1𝑖 − 1𝑅2𝑖 � � 1𝑅1𝑗 − 1𝑅2𝑗� cos2𝜑 Eq. A-7 
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and n as functions of θ. The following equations were proposed by Shabana et al. 
[130]. 
𝑚 = 𝐴𝑚𝑡𝑎𝑛 �𝜃 −  𝜋2� + �𝜋𝐵𝑚𝜃𝐶𝑚 � + 𝐷𝑚 Eq. A-8 
 
𝑛 = 1
�𝐴𝑛tan �𝜃 −  𝜋2�� + 1 + 𝐵𝑛𝜃𝐶𝑛 + 𝐷𝑛sin𝜃 Eq. A-9 
Where θ is in radians and the coefficients used for the Closed-Form Functions m and 
n are given in Table A-2. 
Table A-2:Coefficients used for the Closed-Form Functions m and n [130]. 
Coeff. Value Coeff. Value 
Am -1.086419052477 An -0.773444080706 
Bm -0.106496432832 Bn 0.256695354565 
Cm 1.350000000000 Cn 0.200000000000 
Dm 1.057885958251 Dn 0.280958376499 
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APPENDIX B. THE SUBROUTINE CODE 
 
Subroutine for Normal Load 
SUBROUTINE DLOAD(F,KSTEP,KINC,TIME,NOEL,NPT,LAYER,KSPT,COORDS, 
     1                 JLTYP,SNAME) 
 
      INCLUDE 'ABA_PARAM.INC' 
 
      DIMENSION TIME(1),COORDS(3) 
      CHARACTER*80 SNAME 
 
  b=1.86 
  a=10 
  wo=54109.5 
  po=wo/(2.0943951023932*a*b) 
  v=100 
  t=0.5 
 
 DO i=1,50 
 if (TIME(1).LE.t) then 
  av=TIME(1)-(t-0.5) 
  x0=0 
  z0=15+av*v 
  ellips=((coords(1)-x0)/b)**2+((coords(3)-z0)/a)**2 
  if (ellips.GE.1.0)   then 
   F=0 
  else 
   F=po*sqrt(1-ellips) 
  end if 
 else 
  t=t+0.5 
 end if 
 END DO 
 
 RETURN 
 END 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Elliptical 
Contact 
Patch  
Program Header 
Variable 
Definition 
Loading 
Loop for 
Multiple 
Cycles 
 142 Appendices 
Subroutine for Traction Load 
      SUBROUTINE UTRACLOAD(ALPHA,T_USER,KSTEP,KINC,TIME,NOEL,NPT, 
     1                COORDS,DIRCOS,JLTYP,SNAME) 
 
      INCLUDE 'ABA_PARAM.INC' 
 
      DIMENSION T_USER(3),TIME(1),COORDS(3),DIRCOS(3,3) 
      CHARACTER*80 SNAME 
 
  v=100 
  T=10 
  t=0.5 
  b=1.86 
  a=10 
  wo=54109.5 
  uo=0.35 
  po=wo*uo/(2.0944*a*b) 
  
 DO i=1,50 
 if (TIME(1).LE.t) then 
  t1=TIME(1)-(t-0.5)  x0=0 
  z0=15+t1*v 
  ellips=((coords(1)-x0)/b)**2+((coords(3)-z0)/a)**2 
  if (ellips.GE.1.0)   then 
   ALPHA=0 
  else 
   ALPHA=po*sqrt(1-ellips) 
  end if 
 else 
  t=t+0.5 
 end if 
 END DO 
 
      RETURN 
      END 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Traction Load is Part of Normal Load 
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APPENDIX C. MAIN SECTION OF THE FE MODEL INPUT FILE. 
*Heading 
** Job name: doubletraction-1 Model name: pressure_load 
** Generated by: Abaqus/CAE 6.9-1 
*Preprint, echo=NO, model=NO, history=NO, contact=NO 
** 
** PARTS 
** 
*Part, name=RAIL_BOTTOM 
*Node 
      1,   385.049377,   529.951294,           0. 
      2,   385.224426,   547.092224,           0. 
      3,   389.932465,   546.302979,           0. 
      4,   400.259735,   538.983948,           0. 
      5,   401.624237,   534.616333,           0. 
      6,   401.714813,   532.069092,           0. 
      7,   374.714844,   532.069092,           0. 
      8,   379.915894,   547.640381,           0. 
      9,   374.714844,    547.93103,           0. 
 
(Continue on element numbers) 
 
25592, 28887, 28888, 28909, 28908, 27186, 27187, 27208, 
27207 
25593, 28888, 28889, 28910, 28909, 27187, 27188, 27209, 
27208 
25594, 28889, 28890, 28911, 28910, 27188, 27189, 27210, 
27209 
25595, 28890, 28891, 28912, 28911, 27189, 27190, 27211, 
27210 
25596, 28891, 28892, 28913, 28912, 27190, 27191, 27212, 
27211 
25597, 28892, 28893, 28914, 28913, 27191, 27192, 27213, 
27212 
25598, 28893, 28894, 28915, 28914, 27192, 27193, 27214, 
27213 
25599, 28894, 28895, 28916, 28915, 27193, 27194, 27215, 
27214 
25600, 28895, 28896, 28917, 28916, 27194, 27195, 27216, 
27215 
*Nset, nset=_PICKEDSET2, internal, generate 
     1,  28917,      1 
*Elset, elset=_PICKEDSET2, internal, generate 
     1,  25600,      1 
*Elset, elset=SET-RIGHT, generate 
 11841,  11849,      1 
*Elset, elset=SET-LEFT, generate 
 13441,  13449,      1 
*Elset, elset=letf-largeset 
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 13441, 13442, 13443, 13444, 13445, 13446, 13447, 13448, 
13449, 15041, 15042, 15043, 15044, 15045, 15046, 15047 
 15048, 15049, 16641, 16642, 16643, 16644, 16645, 16646, 
16647, 16648, 16649, 18241, 18242, 18243, 18244, 18245 
 18246, 18247, 18248, 18249, 19841, 19842, 19843, 19844, 
19845, 19846, 19847, 19848, 19849 
*Elset, elset=right-largeset 
  5441,  5442,  5443,  5444,  5445,  5446,  5447,  5448,  
5449,  7041,  7042,  7043,  7044,  7045,  7046,  7047 
  7048,  7049,  8641,  8642,  8643,  8644,  8645,  8646,  
8647,  8648,  8649, 10241, 10242, 10243, 10244, 10245 
 10246, 10247, 10248, 10249, 11841, 11842, 11843, 11844, 
11845, 11846, 11847, 11848, 11849 
** Section: Section-2-_PICKEDSET2 
*Solid Section, elset=_PICKEDSET2, material=PLASTIC 
, 
*End Part 
**   
** 
** ASSEMBLY 
** 
*Assembly, name=Assembly 
**   
*Instance, name=RAIL_BOTTOM-1, part=RAIL_BOTTOM 
 -366.714836,  -548.099539,           0. 
*End Instance 
**   
*Instance, name=RAIL_TOP-1, part=RAIL_TOP 
 -476.821014,  -602.684649,           0. 
*End Instance 
**   
*Nset, nset=_PICKEDSET9, internal, instance=RAIL_BOTTOM-1 
   36,   37,   40,   41,   44,   48,   52,  112,  123,  
129,  134,  138,  139,  144,  145,  277 
  278,  281,  282,  285,  289,  293,  353,  364,  370,  
375,  379,  380,  385,  386,  518,  519 
  522,  523,  526,  530,  534,  594,  605,  611,  616,  
620,  621,  626,  627,  759,  760,  763 
  764,  767,  771,  775,  835,  846,  852,  857,  861,  
862,  867,  868, 1000, 1001, 1004, 1005 
 1008, 1012, 1016, 1076, 1087, 1093, 1098, 1102, 1103, 
1108, 1109, 1241, 1242, 1245, 1246, 1249 
 1253, 1257, 1317, 1328, 1334, 1339, 1343, 1344, 1349, 
1350, 1482, 1483, 1486, 1487, 1490, 1494 
 1498, 1558, 1569, 1575, 1580, 1584, 1585, 1590, 1591, 
1723, 1724, 1727, 1728, 1731, 1735, 1739 
 1799, 1810, 1816, 1821, 1825, 1826, 1831, 1832, 1964, 
1965, 1968, 1969, 1972, 1976, 1980, 2040 
 2051, 2057, 2062, 2066, 2067, 2072, 2073 
*Elset, elset=_PICKEDSET9, internal, 
instance=RAIL_BOTTOM-1 
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  111,  116,  125,  126,  127,  132,  141,  146,  159,  
160,  161,  166,  171,  176,  303,  308 
  317,  318,  319,  324,  333,  338,  351,  352,  353,  
358,  363,  368,  495,  500,  509,  510 
  511,  516,  525,  530,  543,  544,  545,  550,  555,  
560,  687,  692,  701,  702,  703,  708 
  717,  722,  735,  736,  737,  742,  747,  752,  879,  
884,  893,  894,  895,  900,  909,  914 
  927,  928,  929,  934,  939,  944, 1071, 1076, 1085, 
1086, 1087, 1092, 1101, 1106, 1119, 1120 
 1121, 1126, 1131, 1136, 1263, 1268, 1277, 1278, 1279, 
1284, 1293, 1298, 1311, 1312, 1313, 1318 
 1323, 1328, 1455, 1460, 1469, 1470, 1471, 1476, 1485, 
1490, 1503, 1504, 1505, 1510, 1515, 1520 
*Elset, elset=__PICKEDSURF6_S3, internal, 
instance=RAIL_BOTTOM-1 
   15,   16,   17,   55,   77,   78,   79,  207,  208,  
209,  247,  269,  270,  271,  399,  400 
  401,  439,  461,  462,  463,  591,  592,  593,  631,  
653,  654,  655,  783,  784,  785,  823 
  845,  846,  847,  975,  976,  977, 1015, 1037, 1038, 
1039, 1167, 1168, 1169, 1207, 1229, 1230 
 1231, 1359, 1360, 1361, 1399, 1421, 1422, 1423 
*Elset, elset=__PICKEDSURF6_S5, internal, 
instance=RAIL_BOTTOM-1, generate 
   34,  1378,   192 
*Elset, elset=__PICKEDSURF7_S2, internal, 
instance=RAIL_TOP-1, generate 
    1,  1600,     1 
*Elset, elset=__PICKEDSURF7_S4, internal, 
instance=RAIL_TOP-1, generate 
    20,  25600,     20 
*Elset, elset=__PICKEDSURF7_S1, internal, 
instance=RAIL_TOP-1, generate 
 24001,  25600,      1 
*Elset, elset=__PICKEDSURF8_S6, internal, 
instance=RAIL_TOP-1, generate 
     1,  25581,     20 
*Elset, elset=__PICKEDSURF13_S6, internal, 
instance=RAIL_TOP-1, generate 
     1,  25581,     20 
*Elset, elset=__PICKEDSURF6_S3_1, internal, 
instance=RAIL_BOTTOM-1 
   15,   16,   17,   55,   77,   78,   79,  207,  208,  
209,  247,  269,  270,  271,  399,  400 
  401,  439,  461,  462,  463,  591,  592,  593,  631,  
653,  654,  655,  783,  784,  785,  823 
  845,  846,  847,  975,  976,  977, 1015, 1037, 1038, 
1039, 1167, 1168, 1169, 1207, 1229, 1230 
 1231, 1359, 1360, 1361, 1399, 1421, 1422, 1423 
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*Elset, elset=__PICKEDSURF6_S5_1, internal, 
instance=RAIL_BOTTOM-1, generate 
   34,  1378,   192 
*Surface, type=ELEMENT, name=_PICKEDSURF6, internal 
__PICKEDSURF6_S3_1, S3 
__PICKEDSURF6_S5_1, S5 
*Elset, elset=__PICKEDSURF7_S2_1, internal, 
instance=RAIL_TOP-1, generate 
    1,  1600,     1 
*Elset, elset=__PICKEDSURF7_S4_1, internal, 
instance=RAIL_TOP-1, generate 
    20,  25600,     20 
*Elset, elset=__PICKEDSURF7_S1_1, internal, 
instance=RAIL_TOP-1, generate 
 24001,  25600,      1 
*Surface, type=ELEMENT, name=_PICKEDSURF7, internal 
__PICKEDSURF7_S2_1, S2 
__PICKEDSURF7_S4_1, S4 
__PICKEDSURF7_S1_1, S1 
*Elset, elset=__PICKEDSURF8_S6_1, internal, 
instance=RAIL_TOP-1, generate 
     1,  25581,     20 
*Surface, type=ELEMENT, name=_PICKEDSURF8, internal 
__PICKEDSURF8_S6_1, S6 
*Elset, elset=__PICKEDSURF13_S6_1, internal, 
instance=RAIL_TOP-1, generate 
     1,  25581,     20 
*Surface, type=ELEMENT, name=_PICKEDSURF13, internal 
__PICKEDSURF13_S6_1, S6 
*Elset, elset=__PickedSurf19_S6, internal, 
instance=RAIL_TOP-1, generate 
     1,  25581,     20 
*Surface, type=ELEMENT, name=_PickedSurf19, internal 
__PickedSurf19_S6, S6 
** Constraint: TIE-1 
*Tie, name=TIE-1, adjust=yes 
_PICKEDSURF7, _PICKEDSURF6 
*End Assembly 
**  
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Material Model as Parameters 
 
** MATERIALS 
**  
*Material, name=ELASTIC 
*Density 
 0.0078, 
*Elastic 
209000., 0.29 
*Material, name=PLASTIC 
*Density 
 0.0078, 
*Elastic 
206000., 0.28 
*Plastic, hardening=COMBINED, datatype=PARAMETERS, number 
backstresses=3 
379., 24750.,    55., 60000.,   600.,200000.,  2000. 
*Cyclic Hardening, parameters 
379.,189.,500. 
** ------------------------------------------------------
---------- 
**  
 
STEP Definitions 
 
 
** STEP: load 
**  
*Step, name=load, inc=100000 
*Static 
0.001, 25., 1e-50, 25. 
**  
** BOUNDARY CONDITIONS 
**  
** Name: Disp-BC-1 Type: Displacement/Rotation 
*Boundary 
_PICKEDSET9, 1, 1 
** Name: Disp-BC-2 Type: Displacement/Rotation 
*Boundary 
_PICKEDSET9, 2, 2 
** Name: Disp-BC-3 Type: Displacement/Rotation 
*Boundary 
_PICKEDSET9, 3, 3 
**  
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Load Define in Model 
 
 
** LOADS 
**  
** Name: SURFFORCE-1   Type: Pressure 
*Dsload 
_PICKEDSURF8, PNU, 1. 
** Name: Surface traction-2   Type: Surface traction 
*Dsload 
_PickedSurf19, TRSHRNU, 0.0, -1., 0., 0. 
** Name: SurfaceTraction-1   Type: Surface traction 
*Dsload 
_PICKEDSURF13, TRSHRNU, 1., 0., 0., -1. 
**  
 
Data Output Requests in Model 
 
 
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, variable=PRESELECT, time interval=0.1, 
time marks=NO 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT 
**  
** HISTORY OUTPUT: H-Output-mydata 
**  
*Output, history, time interval=0.5, time marks=NO 
*Element Output, elset=RAIL_TOP-1.letf-largeset 
MISES, PE12, PE33, PEEQ, PRESS, S11 
S12, S13, S22, S23, S33 
*End Step 
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